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ABSTRACT 
An I n v e s t i g a t i o n  o f  t h e  S u i t a b i l i t y  of White Rats 
for Sub-o rb i t a l  S tud ie s  o f  Behav io r  i n  
a Grav i ty  F ie ld  
Techniques were developed for  evaluat ing the Spraque Dawley 
ra t  as a s u b j e c t  f o r  t h e  f i r s t  o f  f o u r  " I n - F l i g h t  G r a v i t y  P r e -  
f e r e n c e  E x p e r i m e n t s "  t o  b e  l a u n c h e d  i n t o  s u b - o r b i t a l  t r a j e c t o r i e s  
by  Aerobee 150A r o c k e t s .   S p e c i a l   c o n f i g u r a t i o n   c e n t r i f u g e s  
were developed and used to experimzntal.ly determine the locomotion 
behavior   o f   ra t s   in   f ie lds   o f   s imula ted   g rav i ty .   Techniques  
were d e v e l o p e d  f o r  i n v e s t i g a t i n g  t h e  e f f e c t  of rocket  launch 
s t ress  on this  behavior ,  and an environmental  s imulat ion system 
was deveI .oped and used to  rout inely prepare ra t s  f o r  t h e  con- 
f inemen t ,  acce le ra t ion ,  sp in ,  no i se ,  and  v ib ra t ion  o f  an  Aerobee 
launch .   The   su i tab l l i ty   o f   the   subjec t   and   the   e f fec t iveness   o f  
t he  env io rnmmta l  s imula t ion  rou t ine  were v e r i f i e d  by t h e  
s a t i s f a c t o r y  b e h a v i o r  d e m o n s t r a t e d  i n  t h e  f i r s t  f l i g h t  e x p e r i m e n t .  
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INTRODUCTION 
Before  long-term  space  flight  can  become  safely  routine,  the 
extent of man's physiological  requirement fo.r gravity  must  be  more 
firmly  established.  Medical  studies  during  simulated  weightlessness 
and  during short-term  orbital  weightlessness  have revealed  that  man's 
physiological  processes  undergo  potentially  harmful  adaptations t   the 
weightless  state;  examples of gross  adaptations  are  cardiovascular 
deconditioning,  muscle  atrophy,  diuresis,  and  bone  decalcification. 7,  
14,16 ,24 ,26 ,27 ,41 ,60 ,69 ,75 ,82 ,87  Theoretical  studies  have  revealed 
what  are possibly  more  profound  changes  at  the  cellular  level  relating 
to structure,  metabolism,  and  mitosis. 6 ~ 4 6 ,  5 8 ,  72,  78 While these 
adaptations  may  not  be  harmful in themselves,  they  probably  consti- 
tute a lessening of man's  ability to withstand  the  stresses  imposed 
by  gravity  and  may  contribute o biological  collapse when he is 
exposed  to  the  acceleration  stresses  associated with  reentry. 
A number  of  proposals  have  been  advanced  for  alleviating  the 
potential  hazard;  in  essence,  they  fall  into two groups  which  are 
fundamentally  distinct in their  approach: 
1. Provide  artificial,  inertial  gravity  by  space  vehicle 
rotation,80  eliminating  the  problems of weightlessness per se, 
but  necessarily  introducing  the  problems of adaptation to the 
motion  sickness  and  disorientation  which  accompany  rotation. 28,32,  
36 ,51 ,85  
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2. Treat t h e  symptoms o f  a d a p t a t i o n  t o  w e i g h t l e s s n e s s  w i t h  
drugs,  muscular  and cardiovascular  exercise ,  or  devices  to  main-  
t a in  ca rd iovascu la r  t one  such  as p r e s s u r e  c u f f s  on t h e  e x t r e m i t i e s ,  
elastic l eo ta rds ,  pos i t i ve  p re s su re  b rea th ing ,  and  " lower  body 
negat ive  pressure" .  31,48,55 
Each viewpoint has i t s  o m  merits, b u t  n e i t h e r  i s  completely 
s a t i s f a c t o r y .  The non- ine r t i a l  app roach  has  m e t  w i t h  o n l y  l i m i t e d  
success  and  cannot  guarantee  pro tec t ion  aga ins t  decondi t ion ing  a t  
t h e  c e l l u l a r  l e v e l ;  t h e  i n e r t i a l  a p p r o a c h  r e q u i r e s  a n  e x c e s s i v e  
v e h i c l e  r a d i u s  i f  r o t a t i o n  r a t e  i s  t o  b e  h e l d  w i t h i n  l imits e a s i l y  
t o l e r a b l e  t o  t h e  v e s t i b u l a r  s y s t e m .  One proposed  compromise  would 
i n c o r p o r a t e  f e a t u r e s  c h a r a c t e r i s t i c  o f  e a c h  v i e w p o i n t ;  t h a t  i s ,  
c e n t r i f u g a t i o n  o n  a shor t  r ad ius  wou ld  be  p rov ided  pe r iod ica l ly ,  
w i th  non- ine r t i a l  measu res  fo r  ma in tenance  du r ing  the  a l t e rna t ing  
pe r iods   o f   we igh t l e s sness .  77,86 Such  compromises o f f e r  a temporary 
solu\ t ion but  may b e  s u i t a b l e  o n l y  f o r  f l i g h t s  o f  s h o r t  t o  i n t e r m e d i a t e  
d u r a t i o n ;  t h e  means o f   p ro t ec t ion   fo r   l ong- t e rm  space   f l i gh t   canno t  
be  des igned  un t i l  we e s t a b l i s h  how  much g r a v i t y ,  i f  a n y ,  i s  necessa ry  
for p rope r  func t ion ing  o f  phys io log ica l  p rocesses .  
The b i o s a t e l l i t e  program now i n  p r o g r e s s  i s  expec ted  to  expand 
e x i s t i n g  knowledge on the morphological and physiological response 
of organ i sms  to  we igh t l e s sness ;  i t  i s  n o t  i n t e n d e d  t o  i n v e s t i g a t e  
grav i ty  requi rements .  The  Wenner-Gren Aeronaut ical  Research Laboratory 
of the  Univers i ty  of  Kentucky has  proposed  tha t  the  grav i ty  requi re -  
ments  of  ear th  organisms be invest igated by behaviora l  exper iments  
i n  o rb i t ;  expe r imen ta l  an ima l s  wou ld  va ry  the  amount o f  g r a v i t y  
experienced, thereby demonstrating a p r e f e r e n c e  f o r  g r a v i t y  l e v e l .  49 
2 
Such a behavioral  approach would complement b iomed ica l  i nves t i -  
gations and would seem a l o g i c a l  s e q u a l  t o  t h e  p i o n e e r i n g  s t u d i e s  
of Henry and Rohles i n  t h e  Aerobee-mice and Mercury-chimpanzee 
programs. 
42,64;65,73 
I n  p r e p a r a t i o n  f o r  s t u d i e s  i n  o r b i t ,  b a s i c  l a b o r a t o r y  i n v e s t i -  
ga t ions  have  been  underway s ince  1963 to  es tab l i sh  the  grav i ty  pre-  
fe rence  behavior  of  ear th  organisms as in f luenced  by gravi ty  above  
1.Og and by the dynamic environments associated with i t s  s i m u l a t i o n  
on t h e  c e n t r i f u g e .  T h e s e  s t u d i e s  a r e  u n d e r  t h e  d i r e c t i o n  o f  
D r .  K .  0. Lange  and are funded by grant NsG-456 from the Nat ional  
Aeronautics and Space Administration. 
Two purposes   of   the   research  program  are:  1) t o  d e v e l o p  s u i t -  
ab l e  t echn iques  fo r  measu r ing  g rav i ty  p re fe rence ,  and  2 )  t o  i d e n t i f y  
spec ies  which  readi ly  demonst ra te  grav i ty  preference  and  which  might ,  
t h e r e f o r e ,  b e  s u i t a b l e  o r g a n i s m s  f o r  o r b i t a l  i n v e s t i g a t i o n s  below  1.Og. 
One technique was developed arouna operant conditioning methods and 
a l lows  r e s t r a ined  an ima l s  con t ro l  ove r  t he  r ad ius  and /o r  angu la r  
v e l o c i t y  o f  t h e  c e n t r i f u g e ;  i n  t h e  o t h e r  t e c h n i q u e ,  u n r e s t r a i n e d  
an imals  vary  gravi ty  by  locomot ing  to  var ious  rad i i  a long  the  sur face  
of a s p e c i a l  c o n f i g u r a t i o n  " g r a v i t y - f i e l d "  c e n t r i f u g e .  
A number  of spec ies  have  been  s tudied  us ing  both  techniques ;  the  
male Sprague Dawley r a t  pe r fo rmed  we l l  i n  ea r lv  tests w i t h  t h e  g r a v i t y -  
f i e l d  c e n t r i f u g e ,  s u g g e s t i n g  t h a t  t h i s  s p e c i e s  m i g h t  p r o v e  s u i t a b l e  
f o r  o r b i t a l  s t u d i e s .  A c c o r d i n g l y ,  p l a n s  w e r e  made t o  e v a l u a t e  b o t h  
the  spec ies  and  the  technique  by  suborb i ta l  exper iments  us ing  gravi ty  
f i e l d  c e n t r i f u g e s  l o f t e d  by Aerobee rockets  f rom Wallops Is land,  Virginia .  
In preparation for these suborbital studies, investigations 
were conducted into the gravity preference behavior of the rat 
and the s tabi l i ty  of that benavior after exposure to simulated 
rocket-launch stress .  This paper reports on these investigations. 
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CHAPTER I 
SELF-SELEGTION OF GRAVITY BY RATS WHICH LOCOMOTE THROUGH 
FELDS OF  CENTRIFUGAL ACCELERATION ABOVE 1.Og 
I n t r o d u c t i o n  
The Wenner-Gren Aeronaut ica l  Research  Labora tory  has  inves t i -  
g a t e d  t h e  g r a v i t y  p r e f e r e n c e  b e h a v i o r  of a number o f  spec ie s ,  and 
papers  by  Lange, B e l l e v i l l e ,  McCoy, Broderson, and Martin have 
r e p o r t e d  t h e  r e s u l t s  o f  p r e l i m i n a r y  s t u d i e s  w i t h  mice, r a t s ,  and 
s q u i r r e l  monkeys. 5 ,10,11,13,49,50,54,56 
As the Sprague Dawley rat  was cons idered  a p o t e n t i a l l y  s u i t a b l e  
s u b j e c t  f o r  o r b i t a l  s t u d i e s ,  a de t a i l ed  s tudy  o f  t he  behav io r  o f  
t h a t  s p e c i e s  i n  a g r a v i t y  f i e l d  above  1.Og was cons idered  a necessary  
p re requ i s i t e .   Th i s   chap te r   desc r ibes   t he   t echn iques   deve loped  and 
p r e s e n t s  t h e  r e s u l t s  o f  t h a t  i n v e s t i g a t i o n .  
Apparatus and Basic Procedures 
Three  types  of  grav i ty- f ie ld  cent r i fuge  have  been  developed:  
t h e   p a r a b o l o i d ,   t h e   p a r a b o l i c   t r a c k ,   a n d   t h e   s p i r a l .  Examples  of 
e a c h  a r e  shown i n  f i g u r e  1; f u l l  d e s c r i p t i o n s  are given  e lsewhere.  
49 The pa rabo lo id  i s  a surface of  revolut ion of  the form Z = A r  
i n   c y l i n d r i c a l   c o o r d i n a t e s   [ o r  Z = A(x 2 2  + y ) i n  C a r t e s i a n   c o o r d i n a t e s ]  
2 
5 
1--- ~~------
Figure 1. Paraboloid) Parabolic Track) and Spiral-Type Centrifuges. 
6 
where A i s  the  cons t an t  necessa ry  to gene ra t e  a sur face  which  
i s  n o r m a l  t o  t h e  g r a v i t y  v e c t o r  a t  any r a d i u s ,  r ,  and  he ight ,  
Z.  The p a r a b o l i c  t r a c k  i s  of  the  form Z = Bx2 and  resembles 
a "s l ice"  f rom a pa rabo lo id .  The s p i r a l  c e n t r i f u g e  i s  of   the  form 
r = e' where C i s  a constant which determines how r a p i d l y  t h e  
s p i r a l   s u r f a c e   u n f o l d s .   I n   t h e  s p i r a l  c e n t r i f u g e ,   t h e   t r a c k  
i n  which the animal  runs i s  i n  t h e  h o r i z o n t a l  p l a n e ,  w h e r e a s  i n  
t h e  p a r a b o l i c  t r a c k  c e n t r i f u g e ,  s u b j e c t s  r u n  i n  t h e  v e r t i c a l  p l a n e ;  
i n  t h e  p a r a b o l o i d ,  s u b j e c t s  may  move i n  b o t h  p l a n e s .  
In  each  type  o f  appa ra tus ,  t he  sub jec t  e f f ec t s  a change i n  
g r a v i t y  by  locomoting  inward. or  outward along the surface,  changing 
r a d i u s .  A s  used   i n   t h i s   pape r ,   t he   t e rm  "g rav i ty   p re fe rence   t e s t "  
r e f e r s  t o  t h e  p r o c e d u r e  whereby t h e  s u b j e c t  i s  allowed. to  locomote 
f r e e l y  w i t h i n  t h e  c e n t r i f u g e  f o r  a spec i f i ed  pe r iod  of t ime during 
which the invest igator  measures  the percentage of  t ime spent  in  
each   o f   s eveva l ,   a rb i t r a r i l y -bounded   g rav i ty   r eg ions .  Measurement 
of  t h i s  p o s i t i o n  i s  achieved by any  of several  methods,  such as by 
provid ing  f loor  swi tches  in  each  gravi ty  reg ion  which  a re  c losed  
by t h e  s u b j e c t ' s  w e i g h t ,  o r  by r ad ia t ion  o r  pho tograph ic  t r ack ing ;  
de t a i l ed  desc r ip t ions  o f  t hese  sys t ems  a re  p re sen ted  in  the  p re -  
v i o u s l y  c i t e d  p a p e r s .  
The pa r t i cu la r  va lue  o f  acce le ra t ion  wh ich  r e su l t s  f rom the  
v e c t o r  a d d i t i o n  o f  e a r t h  g r a v i t y  and c e n t r i f u g a l  a c c e l e r a t i o n , a n d  
to which a s u b j e c t  i s  exposed a t  any g iven  t ime , i s  he re in  r e fe r r ed  
' to  as "gravi ty  leve l"  and  i s  expres sed  in  g ' s ;  a l l  g r a v i t y  l e v e l s  
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are t a k e n  t o  a c t  a t  t h e  e s t i m a t e d  c e n t e r  o f  g r a v i t y  of t h e  s u b j e c t .  
The  more g e n e r a l  term "gravi ty  region ' '  is u s e d  h e r e i n  t o  d e n o t e  
the  smal l  range  of grav i ty  in  the  ne ighborhood of  a p a r t i c u l a r  
g r a v i t y   l e v e l .   F o r   p u r p o s e s   o f   t h i s   i n v e s t i g a t i o n ,   t h e  word 
"g rav i ty"  sha l l  a lways  ind ica t e  cen t r i fuga l ly - s imula t ed  g rav i ty .  
It i s  impor t an t  t o  r ecogn ize  tha t  an  an ima l  r eac t s  t o  the  
to t a l  env i ronmen t  o f  t he  cen t r i fuge ,  of  which g r a v i t y  l e v e l  i s  
on ly  one  pa r t ,  o the r s  be ing  angu la r  ve loc i ty ,  Cor io l i s  acce le ra t ion ,  
a i r  c u r r e n t s ,   t e m p e r a t u r e   g r a d i e n t s ,   e t c .   G r a v i t y  i s  assumed t o  
have the predominant  effect ;  r igorously,  however ,  a s ta tement  such 
as " t h e   s u b j e c t   p r e f e r r e d  2.0g" shou ld   ac tua l ly   i nd ica t e   t ha t  
" the  sub jec t  p re fe r r ed  a centr i fuge environment  which the invest i -  
g a t o r  c h o o s e s  t o  c h a r a c t e r i z e  by 2.0g's o f  r e s u l t a n t  a c c e l e r a t i o n . "  
The te rms  "g-preference"  and  "gravi ty-preference"  a re  used  in te r -  
changeably,   that  i s ,  i t  i s  assumed t h a t  t h e  s u b j e c t  c a n n o t  d i s -  
t inguish between a g rav i ty  fo rce  and  a l i n e a r  i n e r t i a  f o r c e .  
Pre l iminary  Tes t  Resul t s  
A number of tes ts  were conducted with the three types of  
c e n t r i f u g e  i n  o r d e r  t o  e s t a b l i s h  b a s i c  t r e n d s  o f  g r a v i t y  p r e f -  
ence  behavior .  The f o l l o w i n g   s e c t i o n   p r e s e n t s   t h e   r e s u l t s   o f  
t h o s e  t e s t s .  
Learning. 
Twenty naive r a t s  were each exposed for 48 h o u r s  t o  t h e  
g r a v i t y  f i e l d  of a s p i r a l  c e n t r i f u g e  (46 rpm,  1.Og - 2.Og) such 
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as t h a t  shown i n  f i g u r e  1 i n  o r d e r  t o  e s t a b l i s h  how q u i c k l y  
t h e y  l e a r n  t o  show a p r e f e r e n c e  f o r  g r a v i t y  r e g i o n .  F i g u r e  2 
shows t h e  mean percentage of time spen t  a t  t h e  1.Og and 2.0g regions 
a s  a func t ion  o f  time i n t o  t h e  t es t .  Less  than 60% of  the  time 
was spent  a t  1.Og d u r i n g  t h e  f i r s t  6 hours;  about  20% was spen t  a t  
2.0g,  and the remaining 20% was spent  a t  o t h e r  l o c a t i o n s  a n d  i n  
locomotion  between  gravi ty   regions.  As t h e  tes t  progressed ,   the  
rats spen t  an  inc reas ing  amount  of  time a t  1.Og and,  correspondingly,  
a dec reas ing  amount of time a t  2 .0g,  demonstrat ing that  the r a t  
c a n  e f f e c t i v e l y  l e a r n  t o  m a n i p u l a t e  g r a v i t y  by locomotion. 
Grav i ty   P re fe rence .  
The p a r a b o l i c  t r a c k  c e n t r i f u g e , s h o w n  i n  f i g u r e  1 (46.7 rpm, 
1.Og - 3.67g), was equipped  wi th  weight -ac tua ted  f loor  swi tches  
i n  each  g rav i ty  r eg ion  of  e a c h  t r a c k ;  a c t i v a t i o n  by the  r a t  switches 
on a corresponding elapsed-t ime indicator  and thus records the total  
t ime  the  r a t  spends   in   each  of 9 , g r a v i t y  r e g i o n s .  F i g u r e  3 shows 
t h e  r e s u l t s  of  48-hour t e s t s  on 52 n a i v e  r a t s ;  a l l  s u b j e c t s  were 
p l a c e d   i n   t h e   c e n t r i f u g e  a t  t h e  1.Og l o c a t i o n .  Over 50% of t h e  
time was spen t  a t  l.Og, less than  10% being  spent  a t  any  o ther  
g r a v i t y .   T h i s  i s  t a k e n   t o   i n d i c a t e   t h a t  r a t s  p r e f e r  1.Og t o  any 
higher  gravi ty  once they have learned to  manipulate  gravi ty  magni-  
t ude  by locomot ion .  
Aversive - p r o p e r t i e s   o f   h i g h   g r a v i t y .  
F igu re  4 i s  a f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  d a t a  o f  f i g u r e  3 ,  
showing the number of  subjects  (expressed as a percentage  of  the  
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Figure  2. Mean Percentage of Time Spent  by 
20 Naive Rats a t  1.Og and 2.0g as a Function 
of Time i n t o  a 48-hour Test i n  a S p i r a l  C e n t r i -  
fuge.  
Grovlty Region 
Figure  3 .  Mean Gravi ty   Preference  of  52 
Naive Rats during a 48-hour Test i n  a 
Parabol ic  Track Centr i fuge,  
t o t a l )  which  had  experienced  each  gravity  region.  Only 29% 
experienced as much as 3 .67g;  the  nega t ive  s lope  of  the  curve  
i n d i c a t e s  t h e  d e g r e e  o f  a v e r s i v e n e s s  o f  t h e  h i g h e r  g r a v i t y  
r eg ions .  It i s  a l s o  known t h a t  h i g h  g r a v i t y  i s  noxious,  and 
t h i s  was ev iden t  i n  the  poor  phys i ca l  cond i t ion  o f  sub jec t s  
which spent  considerable  t ime a t  3 . 6 7 g ;  t h i s  g r a v i t y  l e v e l  w a s  
not iceably burdensome for  the rats and some found i t  impossible 
to  escape .  A smal l  percentage  suf fered  f rom eye  pro t rus ion  and  
nose  b leeding ,  and  one  subjec t  was found dead af ter  48 hours a t  
3.67g. 
I n c r e a s e  a n d  s t a b i l i t y  o f  p r e f e r e n c e  f o r  1.Og w i t h  r e p e a t e d  t e s t i n g .  
Nine  na ive  ra t s  were  g iven  tes ts  i n  t h e  s p i r a l  c e n t r i f u g e  on 
12 consecut ive days with durat ions decreasing from one hour  to  
f i v e  m i n u t e s .  A s  shown i n  f i g u r e  5, over 40% of the  t ime was 
s p e n t  a t  1.Og d u r i n g  t h e  f i r s t  l - h o u r  t e s t ,  and by the  second 
t e s t  t h i s  had r i s e n   t o   a b o u t  75%.  Beyond t h i s   p o i n t ,   p r e f e r e n c e  
f o r  1.Og rema ined  r e l a t ive ly  s t ab le  be tween  65% and 80%, even 
though t e s t  d u r a t i o n  was reduced t o  on ly  f ive  minu tes .  No te  the  
s l i g h t  downward t r e n d  i n  p r e f e r e n c e  f o r  1.Og beginning  wi th  the  
n in th   day .   In  many c a s e s ,  t h i s  t r e n d  w i l l  cont inue as though  the 
rats were beg inn ing  to  adap t  t o  the  h ighe r  g rav i t i e s ;  expe r i ence  
has indicated,  however ,  that  a r e d u c t i o n  i n  t es t  f requency to  once 
i n  e v e r y  t h r e e  o r  f o u r  d a y s  w i l l  m a i n t a i n  s t a b i l i t y  t h r o u g h  
months of  tes t ing.  
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Figure 4,, Percentage  of 52 Naive Rats which 
Experienced Each Gravity Region i n  a Pa rabo l i c  
Track Centrifuge during a 48-hour Test. 
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Consecutive Days of Tasting 
Figure 5. Mean Percentage -of Time Spent by 
9 Naive Rats a t  1 .Og i n  a Spiral  Centr i fuge 
for  Consecut ive Tests  of Decreasing Lengths. 
Abi l i t y  to  d i sc r imina te  g rav i ty  maRni tude .  
There i s  ev idence  tha t  rats can  d iscr imina te  angular  
84 
v e l o c i t y  and   the   ques t ion  arises whether   or   not   hey  can  a lso 
d i s c r i m i n a t e   g r a v i t y .  The g r a v i t y   f i e l d   c e n t r i f u g e   d o e s   n o t  
r e a d i l y  l e n d  i t s e l f  t o  m e a s u r e m e n t s  o f  d i s c r i m i n a t i o n  s i n c e  
gravi ty  exposure  i s  n o t  u n d e r  t h e  d i r e c t  c o n t r o l  of t h e  i n v e s t i g a t o r ;  
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operant   echniques are prefer red .   Never the less  , s t u d i e s   w i t h  
cen t r i fuges  hav ing  a small grav i ty  range  over  a s t a n d a r d  t r a c k  
l eng th  can  g ive  an  ind ica t ion  to  the  ex ten t  t ha t  t he  sub jec t  does  
or   does   no t   respond  to   the   reduced   grav i ty   g rad ien t .   F igure  6 
shows the  grav i ty  prefere l lce  of  1 2  n a i v e  r a t s  d u r i n g  24 h o u r s  i n  
such a s p i r a l   c e n t r i f u g e   ( 3 6 . 1  rpm, 1.Og - 1.3g) .  The peak i n  t h e  
curve at  1 .05g i s  a n  a r t i f a c t  d u e  t o  t h e  p o s i t i o n - s e n s i n g  method 
employed ( t r a c k i n g  o f  r a d i o a c t i v e  c o b a l t  o n  t h e  s u b j e c t s '  t a i l s ) ;  
v i s u a l  o b s e r v a t i o n  c o n f i r m e d  t h a t  s u b j e c t s  r e s t e d  w i t h  t h e i r  h e a d s  
n e a r  t h e  c e n t e r  o f  r o t a t i o n ,  t a i l  o u t w a r d .  About 70% of t h e  time 
was s p e n t   i n   o r   n e a r   t h e  1.Og reg ion .   That   the   subjec ts   respond 
t o  g r a v i t y ,  and  not t o  o t h e r  s t i m u l i ,  i s  demonstrated by t h e  random 
p r e f e r e n c e  f o r  p o s i t i o n  i n  t h e  s p i r a l  c e n t r i f u g e  when r o t a t i o n  
(and t h u s  g r a v i t y )  i s  withheld; documentation w i l l  be  p re sen ted  in  
Chapter 11. Note t h a t  t h e  sp i r a l  c e n t r i f u g e  i s  the   on ly   type  
which p e r m i t s  s u b j e c t s  t o  roam t h e  e n t i r e  s u r f a c e  ( w i t h o u t  t h e  
n e c e s s i t y  f o r  n e g o t i a t i n g  a steep i n c l i n e )  w h i l e  r o t a t i o n  i s  with-  
h e l d .  
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Figure 6.  Mean Gravity  Preference  of 12 Naive 
Rats  during a 24-hour Test i n  a 1.Og - 1.3g 
Spiral  Centrifuge . 
Figure 7 .  Comparison of  Gravity  Preference 
of Rats in Spiral,Paraboloid, and Parabolic 
Track Centrifuges.  
S i m i l a r i t y  o f  p r e f e r e n c e  i n  d i f f e r e n t  a p p a r a t u s .  
F igu re  7 compares  the  grav i ty  preference  of  20 rats i n  t h e  
s p i r a l ,  8 i n  t h e  p a r a b o l o i d ,  and 52 i n  t h e  p a r a b o l i c  t r a c k  c e n t r i -  
fuge ;  grav i ty  reg ions  have  been  grouped  to  minimize  the  e f fec t  
o f   d t f f e r e n t   a p p a r a t u s   s i z e .  The pa rabo lo id  t e s t  r e p r e s e n t e d  
h e r e  w a s  o f  24-hour d u r a t i o n  w h i l e  t h e  o t h e r  two were 48-hour 
t e s t s .  I n  s p i t e  o f  d i f f e r e n c e s  i n  number o f   sub jec t s ,  t es t  
dura t ion ,  appara tus  geometry ,  and  angular  ve loc i ty , s imi la r  pre-  
f e r e n c e  i s  ind ica t ed  in  the  th ree  types  o f  cen t r i fuge .  
Response  t ime of  t ra ined  ra t s .  
As shown p r e v i o u s l y  i n  f i g u r e  5, a h i g h  p r e f e r e n c e  f o r  1.Og 
i s  i n d i c a t e d  by a t r a i n e d  r a t  d u r i n g  a f ive -minu te   t e s t .   I n   an  
e f f o r t  t o  e s t a b l i s h  t h e  minimum t ime  necessa ry  fo r  a v a l i d  g r a v i t y  
p r e f e r e n c e  i n d i c a t i o n ,  4 r a t s  were  t e s t ed  ex tens ive ly  ( 6 3  t e s t s )  
for  both  f ive-minute  and  30-second dura t ions  in  a 1.3g - 2.3g 
s p i r a l  w h i c h  was equipped  wi th  cent r i fuga l ly-ac tua ted ,  spr ing- loaded  
s t a r t i n g  g a t e s  a t  each end of  the t rack;  the gates  were designed 
t o  open as soon as f u l l  speed was a t t a i n e d .  To gua rd  aga ins t  t he  
p o s s i b i l i t y  t h a t  s u b j e c t s  m i g h t  i n a d v e r t e n t l y  b e  t r a i n e d  t o  r u n  
away f rom  the   s t a r t i ng   ga t e   r a the r   t han  a p r e f e r r e d   g r a v i t y ,  
s t a r t i n g  p o s i t i o n s  w e r e  a l t e r n a t e d  betwe'en 1 . 3  g and 2.3g. 
F igu re  8 shows the  mean p o s i t i o n  i n  t h e  g r a v i t y  f i e l d ,  v e r s u s  
time, f o r   b o t h  tes t  d u r a t i o n s   a n d   s t a r t i n g   p o s i t i o n s .  When r e l e a s e d  
from t h e  2 .3g  end ,  subjec ts  ran  quick ly  to the 1.3g end; when 
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F igure  8. Mean P o s i t i o n  i n  t h e  G r a v i t y  F i e l d ,  
Versus Time,  of 4 Rats  during 63  Tes t s  of 5 Minute 
and 30 Second Duration in a 1.3g - 2.3g S p i r a l  
Cen t r i fuge ,  w i th  Re lease  a t  bo th  High and Low 
Gravi ty .  
r e l e a s e d  a t  t h e  1 . 3 g  e n d ,  l i t t l e  o r  no  change i n  p o s i t i o n  o c c u r r e d ,  
d e m o n s t r a t i n g  t h a t .  r a t s  do escape high gravi ty ,  not  merely the 
s t a r t i n g   g a t e .   T h e s e  tes ts  a l s o   i n d i c a t e   t h a t   o n e   m i n u t e  i s  
s u f f i c i e n t  f o r  a l l  s u b j e c t s  t o  r e a c h  t h e  low-g r e g i o n  and t h a t  
30 seconds i s  s u f f i c i e n t  t o  i n d i c a t e  t h e  t r e n d  o f  p r e f e r e n c e  i n  
a t r a i n e d  r a t ;  i n d i v i d u a l  s u b j e c t s  f r e q u e n t l y  r e a c h e d  t h e  low-g 
end within 10 seconds.  
-"  Computer S tudies   o f   Mot ion   in  a G r a v i t y   F i e l d  
A f t e r  e s t a b l i s h i n g  t h e s e  b a s i c  t r e n d s  o f  b e h a v i o r ,  i t  was 
d e s i r a b l e  t o  d e v i s e  a technique for  automated tes t ing of  ra ts  and 
o t h e r  s p e c i e s ,  t o  i n c l u d e  i n v e s t i g a t i a n  o f  1) pat terns   of   locomotion 
i n  a t h ree -d imens iona l  g rav i ty  f i e ld ,  pa r t i cu la r ly  a s  i n f luenced  by 
33,70 
C o r i o l i s   a c c e l e r a t i o n   a n d  2)  changes   i n   t hose   pa t t e rns ,   o r  
symptoms o f  ves t ibu la r  d i s tu rbance  wh ich  migh t  a r i s e  f rom reve r s ing  
the  d i r ec t ion  o f  ro t a t ion .  Accord ing ly ,  a new t e s t ing  sys t em was 
d e v i s e d ' f o r  i n v e s t i g a t i n g  t h e  m o t i o n  of a rat  w i t h i n  a r o t a t i n g  
pa rabo lo id  by  r educ ing  h i s  success ive  pos i t i ons  to  po la r  coord ina te s  
f o r  computer   analysis .  From 12 subjec ts   be ing   used   in  a r e l a t e d  
i n v e s t i g a t i o n ,  4 were chosen for a p i l o t  s t u d y  t o  e v a l u a t e  t h e  
technique.  
Apparatus. 
F igu re  9 shows the "automated" paraboloid and r 'elated equip- 
ment.  The  body of t h e  c e n t r i f u g e  i s  constructed  of   layers   of   ex-  
panded  polystyrene.  The i n t e r i o r  was scooped  out  to  form a para- 
bolo id  and provided with a b l ack  epoxy r e s in  runn ing  su r face .  
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Figure 9. Automated Paraboloid and Control System for Detailed 
Observation of Locomotion Behavior in a Gravity Field. 
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T h i s  c e n t r i f u g e  h a s  a 1 / 4 "  t h i c k  p l e x i g l a s s  l i d  w h i c h  s e r v e s  t o  
e l i m i n a t e  i n t e r n a l  a i r  cur ren ts   and   to   permi t   photography.  A 
so lenoid-ac tua ted  an imal  s tar t  box a t  t h e  h i g h e s t  g r a v i t y  i s  
c o n t r o l l e d  t o  p e r m i t  r e l e a s e  o f  t h . e  s u b j e c t  a t  a p r e s e t  t i m e  a f t e r  
r o t a t i o n  i s  i n i t i a t e d .  A maximum g r a v i t y  l e v e l  of  2.0g i s  c r e a t e d  
' a t  a rad ius  of  2 .51  fee t  by r o t a t i o n  a t  45  rpm. The c e n t r i f u g e  
motor i s  r e v e r s i b l e .  
Pho tograph ic  pos i t i on  de tec t ion  i s  accomplished by s i n g l e -  
f rame operat ion of  a s p e c i a l  Bolex movie camera, mounted on t h e  
f l o o r  a t  e y e  l e v e l  f o r  r e a d y  s e r v i c i n g ;  i t  photographs  the  ra t s  
i n  t h e  p a r a b o l o i d  t h r o u g h  a mirror  mounted  overhead.  I l lumination 
i s  provided by a 40 -Wat t ,  c i r cu la r  f l uo rescen t  lamp, shaded  and 
mounted j u s t  u n d e r  t h e  p l e x i g l a s s  l i d .  A b lack   cu r t a in   su r rounds  
t h e   c e n t r i f u g e   t o  mask out  room l i g h t .  
Control  over  the sequence of  test  even t s  i s  achieved with a 
sys t em o f  For inge r  c locks ,  r e l ays ,  and predetermining counters 
whfch  rece ive  ac tua t ion  pulses  f rom the  per iodic  c los ing  of  a 
cam-actuated  microswitch  on  the  centr i fuge  dr ive  assembly.   Pushing 
t h e  s tar t  bu t ton  in i t i a t e s  t he  fo l lowing  au tomat i c  s equence  o f  
c o n t r o l l e d  e v e n t s :  
1. The parabolo id ,   wi th  r a t  conf ined   a t   2 .0g ,  s tarts r o t a t i n g  
2.  The s u b j e c t  i s  r e l eased  f rom the  s tar t  box a f t e r  a p r e s e t  
number o f  c e n t r i f u g e  r e v o l u t i o n s ,  as c o n t r o l l e d  by predetermining 
c o u n t e r .  
3.  Photographic  coverage i s  s i m u l t a n e o u s l y   i n i t i a t e d  a t  a 
prese t  f rame rate,  contr ,ol led .by a second predetermining counter .  
An e l e c t r i c  f r a m e  c o u n t e r ,  mounted i n  t h e  c a m e r a ' s  f i e l d  o f  v i e w ,  
is a c t u a t e d  as each frame i s  photographed  and  serves  to  ident i fy  
successive frames during data  reduct ion.  
4 .  Afte r   an   add i t iona l ,   p re se t  number of r e v o l u t i o n s ,  pho- 
tographic coverage i s  au tomat ica l ly  s topped  by a t h i r d  p r e d e t e r -  
min ing  coun te r ;  t he  cen t r i fuge ,  however ,  con t inues  to  ro t a t e .  
5 .  A t  a p r e s e t   t i m e   a f t e r   t h e   s t a r t   o f   t h e   t e s t ,  a t imer 
commands s topping   of   the   cen t r i fuge .   Pushing  a r e s e t   b u t t o n  
then  causes  the  frame  counter  and  predetermining  counters  to re- 
c y c l e  t h e i r  o r i g i n a l  p o s i t i o n ,  r e a d y  f o r  t h e  n e x t  t e s t .  
Dynamic measurements. 
Data  reduct ion  i s  accomplished by project ing successive frames 
on a po la r  coord ina te  sc reen ;  t he  r ad ius  and  angular  displacement 
of  each successive posi t ion are  then punched onto I B M  d a t a  c a r d s  
f o r  a n a l y s i s  on the  Labora to ry ' s  IBN 1800 d ig i t a l  compute r .  
Three  pa rame te r s  were  ca l cu la t ed ;  g rav i ty  l eve l ,  runn ing  
speed along the paraboloid surface,  and the magnitude of whole 
body C o r i o l i s   a c c e l e r a t i o n .   S i n c e   p o s i t i o n  was d e t e r m i n e d  a t  f i n i t e  
i n t e rva l s ,  t he  accu racy  o f  speed  and  acce le ra t ion  ca l cu la t ions  
is l i m i t e d  and therefore  approximate  express ions  for  speed  and  
Cor io l i s  acce le ra t ion  were  cons idered  adequate .  
Grav i ty   l eve l .  The g r a v i t y   l e v e l   a t   e a c h   p o s i t i o n  i s  d e t e r -  
mined by v e c t o r i a l l y  a d d i n g  c e n t r i p e t a l  a c c e l e r a t i o n  w i t h  e a r t h  
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g r a v i t y .   T h e r e f o r e   g r a v i t y   l e v e l ,   e x p r e s s e d   i n   g s ,  i s  given  by, 
n =  
I~ 
Surface  running  speed. The average  speed  occurr ing  during 
the t ime period between each two frames i s  ca l cu la t ed  f rom the  
d i s t a n c e  t r a v e l e d  ( a  s t r a i g h t - l i n e  a p p r o x i m a t i o n )  and  t ime  elapsed 
( f rom  the   f ixed   f rame  ra te ) .  A s  shown i n   f i g u r e   1 0 ,   t h e   s t r a i g h t -  
l i n e  d i s t a n c e ,  s ,  between points 1 and 2 on  the  parabolo id  sur face  
(Z = A r  ) i s  equ iva len t  t o  the  d i agona l  o f  t he  r ec t ang le  sub -  
tended by a sca l ene  wedge  of angular  width,  Af3, and height ,  AZ. 
Therefore:  
2 
S = J(A?? + (AZ>2 = ./ (r: + r: - 2rlr2cosA8) + A 2 ( r l - r 2 )  2 2 2  
where 6 r e f e r s  t o  a change i n  t h e  p o s i t i o n  v e c t o r ,  ?, no t  a 
change i n   r a d i u s .  The approximate  surface  speed i s  found by 
d i v i d i n g  t h i s  d i s t a n c e  by the elapsed t ime,  A t :  
C o r i o l i s   a c c e l e r a t i o n .   m e n e v e r   a n y  mass moves r e l a t i v e  t o  a 
ro t a t ing  sys t em wi th  a component of v e l o c i t y  i n  t h e  p l a n e  o f  r o t a t i o n ,  
i t  is a c t e d  upon by Cor io l i s  acce le ra t ion  wh ich  t ends  to  de f l ec t  
i t s  p a t h  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  v e l o c i t y ;  
C o r i o l i s  a c c e l e r a t i o n  i s  de f ined  as the  c ros s  p roduc t ,  2; X tr , 
where V, i s  t h e  v e c t o r  v e l o c i t y  r e l a t i v e  t o  t h e  r o t a t i n g  s y s t e m  
12,30,34,40,57 
- 
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Figure 10. Parameters  Describing  Locomoting 
Motion  in a Parabolic  Gravity  Field  Centrifuge. 
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and is  t h e   v e c t o r   a n g u l a r   v e l o c i t y   o f   t h e   r o t a t i n g   s y s t e m .  
The magnitude i s  2wVrsiny where y i s  the  angle  be tween the  
r e l a t i v e  v e l o c i t y  and "omega" v e c t o r s .  I n  t h e  case of a ra t  
moving a long  the  su r face  o f  a parabolo id ,  the  quant i ty  Vrs iny  
is s imply  the  component  of re la t ive  v e l o c i t y  Cn the  p lane  of  
r o t a t i o n :  - 
dr 
. p lane  A t   A t  
J r: -I- rz - 2r r cosA0 
V 
1 2  = - =  (4  1 
t he re fo re ,  t he  magn i tude  o f  Cor io l i s  acce le ra t ion  i s  twice  the  
product of t h e  c e n t r i f u g e  a n g u l a r  v e l o c i t y  a n d  t h e  v e l o c i t y  
i n  t h e  p l a n e  of r o t a t i o n ,  
r1 + r 2  - 2rlr2cosA0 2 2  - 
Acor - 
A t  
Test   Procedures.  
Four ra ts  were given a 15-minute  tes t  in  the  au tomated  para-  
bo lo id   every  weekday (M-F) f o r  s i x  weeks. A t es t  dura t ion   of  
15 minutes was e s t i m a t e d  t o  be the  minimum r e q u i r e d  f o r  r a p i d  
t r a i n i n g ;  o n l y  t h e  f i r s t  5 minutes was photographed since most 
a c t i v i t y  of a t r a i n e d  r a t  o c c u r s  w i t h i n  t h i s  p e r i o d .  S u b j e c t s  
were placed on food deprivat ion one week a f t e r  t e s t i n g  b e g a n .  
Each s u b j e c t  was released from the 2.0g locat ion 13 seconds 
(10 r e v o l u t i o n s )  a f t e r  r o t a t i o n  was i n i t i a t e d ,  and was photo- 
graphed a t  a r a t e  of one frame per revolution. 
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F o r  t h e  f i r s t  f o u r  w e e k s ,  t h e  s u b j e c t s  were r o t a t e d  i n  t h e  
coun te r - c lockwise  d i r ec t ion ,  e s t ab l i sh ing  a r a p i d  r e s p o n s e  t o  
1.Og. During  the  fol lowing two weeks, two o f  t h e  s u b j e c t s  were 
e x p o s e d  t o  r o t a t i o n  i n  t h e  o p p o s i t e ,  o r  c lockwise  d i r ec t ion  wh i l e  
f o r  t h e  o t h e r  two t h e  d i r e c t i o n  o f  r o t a t i o n  was unchanged. 
R e s u l t s  o f  t h e  p i l o t  s t u d y .  
Dynamic a n a l y s i s .  The dynamic  parameters  accompanying  loco- 
mot ion  were  ca lcu la ted  for  a f ive-day  per iod  of  s tab le  behavior  
j u s t  p r i o r  t o  t h e  d a t e  i n  w h i c h  t h e  d i r e c t i o n  o f  r o t a t i o n  was 
r eve r sed .   F igu re  11 shows the   median   pos i t ion   o f   the  4 s u b j e c t s  
i n  t h e  g r a v i t y  f i e l d  f o r  t h e  f i r s t  35 seconds   o f   the   t es t .   These  
fou r  sub jec t s  cons i s t en t ly  r eached  low g r a v i t y  w i t h i n  a b o u t  20 
seconds.  
F igu re  1 2  shows the median running speed as a func t ion  of  
g r a v i t y  l e v e l ;  c o n s i d e r a t i o n  was g iven  on ly  to  da t a  po in t s  i n  each  
gravi ty   region  where  motion was present .   Speeds up t o  8 i n / s e c  
were  recorded,  the  median  being  nearly 5 i n / s e c .   T y p i c a l l y ,   t h e  
highest   speeds  occurred  between  1 .2g  and  1 .4g;   subjects   s lowed 
cons ide rab ly  as they  approached  1.Og. Not su rp r i s ing ly ,   runn ing  
speed above 1.2g decreased with increasing gravi ty .  
F igu re  12  a l so  shows the  median C o r i o l i s  a c c e l e r a t i o n  e x p e r -  
ienced by t h e  r a t s  w h i l e  r u n n i n g ,  p l o t t e d  v e r s u s  g r a v i t y .  A t  t h e  
po in t  of h ighes t  speed ,  t he  med ian  Cor io l i s  acce le ra t ion  was 3.5 
f t / s e c 2 ,  or s l i gh t ly   ove r   0 . l g .   Be ing  a funct ion  of   running  speed,  
I 
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Figure  11. Median P o s i t i o n   i n   t h e   G r a v i t y  . 
Field,  Versus Time,  of 4 Rats  during 5 Tests 
i n  t h e  Automated Paraboloid. 
Gravity Regions 
(a) Running  Speed. (b) Cor io l i s   Acce lera t i n .  
Figure 12 .  Median  Running  Speed  and 
Coriol is   Accelerat ion,   Versus  Gravi ty ,  
of 4 Rats during 5 Tests i n  t h e  Auto- 
mated Paraboloid.  
the  magni tude  of  Cor io l i s  acce le ra t ion  above  the  0 .2g  gravi ty  
r e g i o n  a l s o  d e c r e a s e s  w i t h  i n c r e a s i n g  g r a v i t y .  The r a t i o  o f  
C o r i o l i s  a c c e l e r a t i o n  t o  s p e e d  i s  not  cons tan t ,  however ,  s ince  
a g iven  speed  induces  p ropor t iona te ly  g rea t e r  Cor io l i s  acce le ra t ion  
n e a r  t h e  1.Og reg ion  where  ve loc i ty  i s  n e a r l y  p e r p e n d i c u l a r  t o  the 
a x i s  o f  r o t a t i o n .  
The i n f l u e n c e  o f  C o r i o l i s  a c c e l e r a t . i o n  o n  t h e  p a t t e r n  o f  
locomotion i s  more r e a d i l y  a p p r e c i a t e d  by f i r s t  c o n s i d e r i n g  t h e  
e f fec t  on  an  inanimate  objec t  which  moves r e l a t i v e  t o  t h e  r o t a t i n g  
parabolo id  under  the  inf luence  of  aerodynamic  and  f r ic t iona l  forces  
a l cne .  To demonst ra te   the   e f fec t ,   the   mot ion   of  a g o l f  b a l l  was 
photographed i n  t h e  p a r a b o l o i d  a f t e r  b e i n g  e x p e l l e d  by a s p r i n g  
from a c o n s t r a i n t  a t  2 .0  g .  The i n i t i a l  v e l o c i t y  was approximately 
10 f t / s e c ;  i n  a few seconds ,   t h i s   ve loc i ty   dec reases   t o  a va lue  
r e p r e s e n t a t i v e   o f  a locomoting  ra t .   Expuls ion was t r i g g e r e d  by 
t h e  a n i m a l - r e l e a s e  s o l e n o i d  a f t e r  a cons t an t  angu la r  ve loc i ty  had  
been   a t t a ined .  The resul t ing  motion,   photographed  a t  a r a t e  of 24 
frames p e r  second, i s  shown i n   f i g u r e  13. S i n c e   C o r i o l i s   a c c e l e r -  
a t i o n  is  a l w a y s  p e r p e n d i c u l a r  t o  t h e  v e l o c i t y ,  t h e  b a l l  f o l l o w s  a 
s p i r a l  p a t h  a n d ,  as shown i n  f i g u r e  13, t h e  p a t h  s p i r a l s ,  i n  t h i s  
case, i n  a d i r e c t i o n  o p p o s i t e  t o  t h e  d i r e c t i o n  o f  p a r a b o l o i d  r o t a t i o n .  
Figure 14 shows t h r e e  p a t t e r n s  o f  l o c o m o t i o n  r e p r e s e n t a t i v e  o f  
r a t s   i n   t h e   p a r a b o l o i d .  Of t h e  20 pat terns   examined ( f o u r   s u b j e c r s ,  
f i v e  tes ts  each) ,   a l l   resembled  one  of   these  three  types,   a l though 
some entai led smoother  changes of d i r e c t i o n  t h a n  t h o s e  shown; i n  
“w 
Figure  13.   Relative  Paths  Followed by a Golf Ball when Expelled 
a t  10 ft/sec by a Spring a t  2.0g i n  t h e  Automated Paraboloid (45 rpm). 
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Figure 14. Typica l  Pa t te rns  of Locomotion of Rats i n  t h e  Automated Paraboloid.  
10 i n s t a n c e s ,  t h e  i n i t i a l  m o t i o n  was i n  a counterclockwise 
1 d i r e c t i o n ,  w h i l e  I n  5 i n s t a n c e s  i t  was clockwise  and  in  5 more 
it was d i r ec t ly   t oward   t he   cen te r .  The  tendency  toward  spiraling 
i n  a c lockwise  d i rec t ion  under  the  inf luence  of  the  0 . lg  or  less  
of C o r i o l i s  a c c e l e r a t i o n  i s  ev iden t  i n  abou t  3 / 4  o f  t h e s e  p a t t e r n s ;  
appa ren t ly ,  as t h e  r a t  runs  toward  the  cen te r ,  he  t ends  to  be  d i s -  
p l a c e d  i n  t h e  d i r e c t i o n  of t he  Cor io l i s  fo rce ,  and  mus t  occas iona l ly  
c o r r e c t  h i s  d i r e c t i o n  i n  o r d e r  t o  r e a c h  t h e  c e n t e r  by t h e  s h o r t e s t  
p a t h .  
. .  
E f f e c t   o f   r e v e r s a l   o f   d i r e c t i o n .   A f t e r   f o u r  weeks  of t r a i n i n g ,  
t h e  d i r e c t i o n  o f  r o t a t i o r ,  was psrmanent ly  reversed  for  2 of t h e  
sub jec t s ;   F igu re   15  shows the  response  t imes  ( t ime  to   reach  1 .Og) 
of t h e s e  two s u b j e c t s ,  compared wi th   response   t imes   o f   the  two 
fo r  wh ich  d i r ec t ion  was no t  r eve r sed ,bo th  be fo re  and  a f t e r  t he  da t e  
of reversal .   Unexpectedly,   the  2 subjects   which  experienced a 
r eve r sed  d i r ec t ion  o f  ro t a t ion  immedia t e ly  ceased  to  r e spond  to  the  
g r a v i t y  f i e l d  and did not  respond throughout  the remaining two weeks 
of t e s t i n g ;  no s igni f icant  change  occurred  in  the  behavior  of t he  
o t h e r  two s u b j e c t s .  
S ince  only  4 s u b j e c t s  w e r e  t e s t e d ,  s t a t i s t i c a l l y  m e a n i n g f u l  
c o n c l u s i o n s   a r e   n o t   j u s t i f i e d .   N e v e r t h e l e s s ,   t h e s e   r e s u l t s   s t r o n g l y  
s u g g e s t  t h a t  r e v e r s a l  o f  t h e  d i r e c t i o n  o f  r o t a t i o n  i s  d i s t u r b i n g  
t o  t h e  r a t  w h i c h  h a s  b e e n  t r a i n e d  i n  o n e  d i r e c t i o n  o n l y ,  a p l a u s i b l e  
conc lus ion  in  v i ew o f  ev idence  tha t  t he  ves t ibu la r  sys t em adap t s  
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Figure  15. The Effec t   o f   Cent r i fuge   Reversa l  
on the Response Time of 2 Rats,Compared with 
2 Rats whose D i r e c t i o n  of R o t a t i o n  was Not Re- 
v e r s e d .  
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t o  r o t a t i o n  i n  a g i v e n  d i r e c t i o n  1 7 9 2 0 9 2 1 * 6 7 * 6 8  b u t  t h a t  t h e  
a d a p t a t i o n  d o e s  n o t  t r a n s f e r  t o  s t i m u l a t i o n  i n  t h e  o p p o s i t e  
d i r e c t   i o n .  18,19,35,63 
Conclusions and Recommendations 
On the  bas i s  o f  t hese  s tud ie s  o f  t he  behav io r  o f  r a t s  i n  
f i e l d s  o f  s i m u l a t e d  g r a v i t y ,  t h e  f o l l o w i n g  c o n c l u s i o n s  and 
recommendations  are  forwarded: 
1. Gravi t ies   above  1.Og appea r   t o   be   ave r s ive   t o  ra ts ;  
they  can  d iscr imina te  grav i ty  magni tude  and ,  g iven  the  oppor tuni ty  
t o  change i t  by locomot ion  in  a g r a v i t y  f i e l d ,  l e a r n  t o  demon- 
s t r a t e  a pronounced preference by locomoting t o  and remaining a t  
1.og. 
2.  I n  a l l  types   o f   appara tus ,   exper ienced  ra ts  c o n s i s t e n t l y  
run from high to  low g r a v i t y  w i t h i n  30 s e c o n d s ;  p i l o t  t e s t s  i n  
the  pa rabo lo id  sugges t  t ha t  r a t s  t y p i c a l l y  t r a v e l  a t  speeds up to  
5 in / sec  and  experience  whole body C o r i o l i s  a c c e l e r a t i o n s  up  t o  
O. lg ,  lower  va lues  be ing  ind ica ted  a t  the  h igher  grav i t ies .  
3 .  Preference   behavior   in  a g r a v i t y  f i e l d  becomes  more 
pronounced  and s t a b l e  w i t h  r e p e a t e d  t r a i n i n g  a n d  v a r i e s  l i t t l e  
be tween  sp i r a l ,  pa rabo lo id ,  and p a r a b o l i c  t r a c k  c e n t r i f u g e s ,  b u t  
t h e r e  a r e  i n d i c a t i o n s  t h a t  t h e  ra ts  even tua l ly  beg in  to  adap t  t o  
t h e  h i g h e r  g r a v i t i e s  u n l e s s  t e s t  f r e q u e n c y  i s  then reduced. 
4 .  The magnitude  of   s imulated  gravi ty   appears   to   be  the 
, 
p r e d o m i n a n t   s t i m u l u s   i n   t h e   g r a v i t y   f i e l d   c e n t r i f u g e .  Rats w i l l  
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escape  f rom high  gravi ty  to  reach  lower  grav i t ies  bu t  w i l l  no t  
escape from low g r a v i t y  when o n l y  h i g h e r  g r a v i t i e s  are a v a i l a b l e ;  
when t h e  g r a v i t y  g r a d i e n t  i s  completely absent,  a random pre- 
f e r e n c e  f o r  p o s i t i o n  i s  demonstrated. 
5 .  Rats running from high t o  low g r a v i t y  i n  t h e  p a r a b o l o i d  
t e n d  t o  f o l l o w  a s p i r a l  p a t h  u n d e r  t h e  i n f l u e n c e  o f  C o r i o l i s  
a c c e l e r a t i o n  and must  i n t e r m i t t e n t l y  c o r r e c t  t h e i r  d i r e c t i o n  t o  
account   for  i t .  
6 .  R e v e r s i n g  t h e  d i r e c t i o n  o f  c e n t r i f u g e  r o t a t i o n  a p p e a r e d ,  
i n  t h e  p i l o t  s t u d y , t o  e x t i n g u i s h  t h e  l e a r n e d  g r a v i t y  p r e f e r e n c e  
r e s p o n s e  i n  r a t s  which had been adapted t o  one direct i .cn only,  
pe rhaps  due  to  l ack  o f  ves t ibu la r  adap ta t ion  in  the  o the r  d i r ec t ion .  
Where a r e v e r s a l  of d i r e c t i o n  i s  a p o s s i b i l i t y ,  t r a i n i n g  s h o u l d  
i n c o r p o r a t e  a l t e r n a t e  e x p o s u r e  t o  b o t h  d i r e c t i o n s .  
7. The r a p i d ,   s t a b l e ,  a n d   p r e d i c t a b l e   g r a v i t y   p r e f e r e n c e  
behavior of Male  Sprague  Dawley r a t s  make them s u i t a b l e  s u b j e c t s  
f o r  b a s i c  i n v e s t i g a t i o n s  of  behavior  in  a g r a v i t y  f i e l d ,  and i t  is  
recommended tha t  t hey  be  cons ide red  fo r  more d e t a i l e d  i n v e s t i g a t i o n s  
leading t o  s tud ie s  o f  g rav i ty  p re fe rence  be low 1.Og using in-space 
g r a v i t y  f i e l d  c e n t r i f u g e s .  
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CHAPTER I1 
AN INVESTIGATION OF THE ABILITY OF THE WHITE RAT TO PERFORM 
A GRAVITY PREFERENm  TASK  AFTER  EXPOSURE 
TO SIMULATED ROCKET LAUNCH STRESS 
I n t r o d u c t i o n  
The wenner-Gren Aeronautical Research Laboratory of the 
Univers i ty  of  Kentucky has  es tab l i shed  tha t  the  whi te  labora tory  
rat  can  be  t ra ined  to  locomote  through a c e n t r i f u g a l  g r a v i t y  f i e l d  
t o  a p re fe r r ed  l eve l  o f  g rav i ty ,  and  i t  is  p l a n n e d  t o  u t i l i z e  t h i s  
method t o  o b t a i n  g u i d e l i n e s  r e l e v a n t  t o  man's g rav i ty  r equ i r emen t s  
d u r i n g   s p a c e   f l i g h t .   T h i s  i s  to  be  accomplished  by  observing  the 
g rav i ty  p re fe rence  behav io r  o f  expe r imen ta l  an ima l s  du r ing  o rb i t a l  
f l i g h t  a n d  r e q u i r e s  t h e  e s t a b l i s h m e n t  o f  t e c h n i q u e s  p a r t i c u l a r l y  
s u i t a b l e   f o r   u s e   i n   r o c k e t - l a u n c h e d   e x p e r i m e n t s .  Such f l i g h t  
techniques are now b e i n g  e v a l u a t e d  u t i l i z i n g  r a t s  i n  g r a v i t y - f i e l d  
cent r i fuges  which  are l o f t e d  by  Aerobee 150A rocke t s  i n to  sub -  
o r b i t a l  t r a j e c t o r i e s  from NASA Wal lops  I s land ,  Vi rg in ia .  
One o f  t he  ma jo r  obs t ac l e s  t o  success fu l  eva lua t ion  o f  an ima l  
experiments  in  space i s  t h e  stress imposed  by the  mechanical,   thermal,  
and accoust ic   environments  o f  powered r o c k e t   f l i g h t .   T h e s e  combined 
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s t r e s s e s  seem t o  c a u s e  s h o r t - t e r m  f u n c t i o n a l  c h a n g e s  i n  
phys io logica l   sys tems 2'4,38'47'53 as w e l l  as decrements 
i n   t he   pe r fo rmance   o f   behav io ra l   t a sks ,  64?65,73 making 
i t  d i f f i c u l t  t o  i s o l a t e  t h o s e  r e s p o n s e s  w h i c h  are due  so le ly  
to  the  space  expe r imen t .  52 
T h e r e f o r e ,  i n  p r e p a r a t i o n  f o r  t h e  s u b o r b i t a l  s t u d i e s  w i t h  
the  Aerobee ,  an  inves t iga t ion  was conduc ted  in to  the  e f f ec t  o f  
r o c k e t  l a u n c h  s t r e s s  o n  l e a r n e d  g r a v i t y  p r e f e r e n c e  b e h a v i o r .  
T h i s  p a p e r  r e p o r t s  t h e  r e s u l t s  o f  t h a t  i n v e s t i g a t i o n ;  i t  a l s o  
descr ibes  the  appara tus  and  procedures  deve loped  for  rout ine ly  
a d a p t i n g  r a t s  t o  t h e s e  s t r e s s e s  p r i o r  t o  f l i g h t  and suggests  i m -  
p rovemen t s  i n  the  rou t ine  in  l i gh t  of t h e  r e s u l t s  of t h e  f i r s t  
f l i g h t .  
ents  of  the Aerobee Gravi ty  Preference.  Payload 
The Aerobee Gravi ty  Preference Payioad,  shown i n  f i g u r e  16 ,  
was designed and cons t ruc t ed  by NASA Wallops S ta t ion  in  acco rdance  
w i t h  c r i t e r i a  e s t a b l i s h e d  by t h e  Wenoer-Gren Aeronaut ical  Research 
Laboratory.  The  payload  centr i fuge was des igned   t o   c r ea t e  a f i e l d  
of   cen t r i fuga l   acce le ra t ion   be tween  0 .35g   and  1.6Og. Upon r each ing  
a s t a t e  o f  f r e e  f a l l  a t  a n  a l t i t u d e  of 270,000 f e e t ,  two 80-inch- 
long tunnel  runways unfold from the payload body to  an angle  of 
15" w i t h  t h e  l o n g i t u d i n a l  a x i s ;  t h e  r e s u l t i n g  i n c r e a s e  i n  moment 
o f  i n e r t i a  i s  c o u n t e d  o n  t o  r e d u c e  t h e  r o l l  r a t e  t o  t h e  r e q u i r e d  
45 rpm. 
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Figure 16. Payload Centrifuge to be Launched 
by Aerobee Rocket for Investigating Gravity 
Preference of 2 Rats Between O.35g and 1.60g 
during 5 Minutes of Free Fall. 
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One r a t  is  caged i n  each  runway,  one a t  t h e  0.35g  end  and 
t h e  o t h e r  a t  t h e  1 . 6 g  e n d .  When t h e  runways a re   fu l ly   ex t ended ,  
the cages are opened and the ra ts  a r e  f r e e  t o  s e l e c t  m a g n i t u d e  
of c e n t r i f u g a l l y  s i m u l a t e d  g r a v i t y  by locomotion along the run- 
way. P o s i t i o n  i s  sensed by a pho toe lec t r i c   de t ec t ion   sys t em 
and te lemetered to  the monitor ing ground s ta t ion along with 
envi ronmenta l  da ta  inc luding  t rack  tempera ture ,  th ree-axis  acce ler -  
a t i o n ,  and r o l l  r a t e .  A p p r o x i m a t e l y  f i v e  m i n u t e s  o f  f r e e - f a l l  
we igh t l e s sness  a re  ava i l ab le  fo r  t he  expe r imen t .  
S ince  the  t e s t  pe r iod  beg ins  on ly  30 seconds  a f te r  powered 
f l i gh t ,  g rav i ty  p re fe rence  demons t r a t ed  by locomotion  might 
b e  a f f e c t e d  by exposure to any of the environments which exist  
f r o m  t h e  t i m e  t h e  r a t s  a r e  f i r s t  h o u s e d  i n  t h e  r o c k e t  u n t i l  
t h e y   a r e   r e l e a s e d   i n t o   t h e  runways  during  f l ight.   Confinement,  
a c c e l e r a t i o n ,  s p i n  ( r o l l  r a t e ) ,  n o i s e ,  and v i b r a t i o n  were  consid- 
ered capable  of  affect ing behavior ;  coning motions,  having a per iod 
of 70 seconds,  were considered negl igible .  44,71 
Confinement. 
The r a t s  a r e  c a g e d  i n  t h e  runway f o r  p r o t e c t i o n  a g a i n s t  j o s t l i n g  
du r ing  powered f l igh t .   This   conf inement   occurs  no la te r   than   one  
hour  before  launch  and a "hold" in  l aunch  p rocedure  fo r  an a d d i t i o n a l  
t h ree  hour s  may b e  a n t i c i p a t e d .  
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Confinement i s  known to  b e  g e n e r a l l y  s t r e s s i n g  t o  t h e  r a t ;  
moreover, i t  may in t roduce  secondary  s t r e s ses  accoc ia t ed  wi th  
inadequate   hea t   t ransfer .   Dur ing  the 1965 NASA Bio-Space  Training 
Program, r a t s  in  the  payload  of  Arcas  Rockets  were  c lose ly  con-  
s t r a i n e d  so  as to  minimize  p ickup of  in te r fe rence  by t h e  a t t a c h e d  
e l e c t r o d e s  ; t h i s   r e s t r a i n t ,  and t h e   r e s u l t i n g   i n a b i l i t y  of 
t h e  r a t  t o  p r o p e r l y  d i s s i p a t e  h e a t ,  was r e s p o n s i b l e  f o r  a l a r g e  
i n c r e a s e   i n   s k i n   t e m p e r a t u r e .   R e s t r a i n t   f o r  a few hour s ,   t hen ,  
might  be expected to  affect  locomotion behavior .  
22,62 
Spin :   Angular   ve loc i ty   and   acce lera t ion .  
Although the Aerobee i s  ae rodynamica l ly - f in  s t ab i l i zed ,  
s p i n  i s  inco rpora t ed  to  r educe  the  e f f ec t s  o f  mi sa l ignmen t s  and  
to   reduce   d i spers ion   of   the   impact   po in t .  The a n t i c i p a t e d   s p i n  
p r o f i l e   ( t i m e   h i s t o r y )  i s  shown i n  f i g u r e  1 7 ;  i t  i s  c h a r a c t e r i z e d  
by a v e r y  r a p i d  r a t e  o f  o n s e t  t o  120 rpm and an equal ly  rapid 
dec l ine ,   fo l lowed .by a more g r a d u a l  r e t u r n  t o  1 2 0  r p m .  Angular 
v e l o c i t i e s  and   angular   acce le ra t ions  o f  the   magni tudes   ind ica ted  
con t r ibu te  to  mot ion  s i ckness  and  d i so r i en ta t ion  and  might, 
t h e r e f o r e ,  c o n t r i b u t e  t o  a r a t ' s  i n a b i l i t y  t o  p e r f o r m  a g r a v i t y  
t a s k .  
7 1  
Long i tud ina l  acce le ra t ion .  
The  Aerobee 150A i s  a l i qu id - fue led  rocke t  w i th  a s o l i d -  
fue l ed  boos te r  fo r  supp lemen t ing  th rus t  du r ing  ex i t  f rom the  l aunch  
tower.   Figure  18 shows a t y p i c a l   l o n g i t u d i n a l   a c c e l e r a t i o n   p r o f i l e  
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Figure 1 7 .  Spin (Roll Ra te )  P ro f i l e  of t h e  
Aerobee 150A Sounding Rocket. 
0 IO 20 30 40 50 60 
Time- seconds 
Figure 18. Longi tudinal   Accelerat ion 
P r o f i l e  of the Aerobee l 5 0 A  wi th  200 
Pound Payload. 
assuming a 200-pound payload. 61971 The b o o s t e r  c o n t r i b u t e s  a 
nea r ly  squa re  wave, l l g  p u l s e  o f  a c c e l e r a t i o n  f o r  2 .5  seconds; 
t h i s  i s  followed by a gradua l  bu i ldup  to  nea r ly  8 g du r ing  the  
. 50 s e c o n d s   o f   s u s t a i n e r   t h r u s t .  
The b io log ica l  and  behav io ra l  e f f ec t s  o f  acce le ra t ion  have  
b e e n  s t u d i e d  f o r  a number df  years.   Stapp  and  von  Gierke  have 
s tud ied  b io log ica l  r e sponse  to  va r ious  mechan ica l  fo rce  env i ron -  
ments and found not only the magnitude, but the rate of onset and 
p u l s e  d u r a t i o n  t o  b e  s i g n i f i c a n t  d e t e r m i n a n t s  o f  b i o l o g i c a l  
damage ; 76,81 Her r i ck  found  dec reases  in  l eve r -p res s  r e sponse  
r a t e   o f  rats d u r i n g   a c c e l e r a t i o n .  Such  evidence  indicates  
t h a t  t h e  stresses of  acce lera t ion  might  a f fec t  the  per formance  
o f  a g r a v i t y  p r e f e r e n c e  t a s k .  
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Vibra t ion .  
The vibrat ion environment  of  the Gravi ty  Preference Payload 
i s  unknown, although  launch  tower,   aerodynamic,   and  rocket  motor 
v ib ra t ions   a r e   ce r t a in ly   p re sen t .   V ib ra t ion   has   been   measu red  
during  one  previous,   though  unrelated  Aerobee  f l ight ;   an  acceler-  
ometer  a t tached to  the mounting p la te  o f  t h e  a t t i t u d e  c o n t r o l  
system revealed a wide spectrum of frequencies and amplitudes.  66 
A v ib ra t ion  env i ronmen t  can  be  qu i t e  ha rmfu l  i f  t he  na tu ra l  
frequency of any major body organs i s  a p p l i e d  f o r  a time s u f f i c i e n t  
f o r  overcoming  system  damping; 2 3 , 2 9 , 7 4  e v e n   i n   t h e   g e n e r a l  area 
of   the   na tura l   f requency ,   severe   d i scomfor t  i s  comnon. Unrestrained 
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ra t s  d i e  a t  20-25 cpsJ3 though they can adapt  to  higher  and lower 
15 59 
f r equenc ie s ;   r ec t a l   t empera tu re   d rops  and  plasma s t e r o i d s  
r i se  8 J 9  d u r i n g   v i b r a t i o n .   V i b r a t i o n  i s  a l s o  d i s r u p t i n g  t o  
behavior  and i s  known to  "dr ive"  the  EEG a t  c e r t a i n  f r e q u e n c i e s .  
Therefore,  even  though l i t t l e  s p e c i f i c  i n f o r m a t i o n  e x i s t e d  o n  
the  ampl i tudes  and  f r equenc ie s  to  wh ich  r a t s  i n  the  Grav i ty  
Preference Payload were to be exposed, some s imula t ion  of v i b r a t i o n  
1 
was cons ide red  des i r ab le .  
Noise. 
Jacobson has  es t imated  the  a t tenuated  sound pressure  leve l  
in te rna l  to  the  Gravi ty  Preference  Payload  by consider ing motor  
noise,  aerodynamic noise,  and Helmholtz resonator noise from the 
h o l e   u s e d   t o   v e n t i l a t e   t h e   i n t e r n a l   s u p p o r t   s t r u c t u r e .  The maximum 
sound  pressure   l eve l   ex te r ior   to   the   payload  i s  e s t i m a t e d   t o   b e  
157  db  and to   occur  a t  37 s e c o n d s  i n t o  t h e  f l i g h t ;  f i g u r e  1 9  shows 
sound pressure  leve l -versus- f requency  d is t r ibu t ion  es t imated  to  
o c c u r   i n t e r n a l   t o   t h e   p a y l o a d   a t   t h a t   t i m e .  An over-al l   sound 
p r e s s u r e  l e v e l  o f  102  db  can  be  expected,  with a peak  of  123 db 
a t  37 .5  cps ,  the  resonant  f requency  of  the  vent  ho le .  
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High n o i s e  l e v e l s  a r e  known t o  b e  s t r e s s i n g  t o  t h e  r a t .  Geber 
r epor t s  t ha t  on ly  73 -93  db causes a r e d u c t i o n  of p l a sma  whi t e  ce l l s  
and   ad rena l   absco rb ic   ac id   i n   t he   wh i t e  ra t ,  and thus,   sound  pres-  
su re  l eve l s  be low the  pa in fu l  can  p roduce  phys io log ica l  s t r e s s  r eac -  
t i o n s .   S t r e s s   i n d u c e d  by h igh   no i se   l eve l s ,   t he re fo re ,   appea red  t o  
25 
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Figure 19 .  
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Calculated Spectrum of N o i s e  I n t e n s i t y  I n t e r n a l  
to  the Aerobee Gravi ty  Preference Payload a t  37 Seconds 
into Fl i -ght .  
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b e  p o t e n t i a l l y  d e t r i m e n t a l  t o  t h e  s u c c e s s f u l  d e m o n s t r a t i o n  of 
g r a v i t y  p r e f e r e n c e  i n  t h e  A e r o b e e  i n v e s t i g a t i o n s .  
". Simulat ion .~ - of  the  Launch  Environments 
The f l i g h t  s t r e s s e s  which affect  subsequent  behavior  occur  
s imultaneously and the quest ion arose whether  or  not  i t  i s  j u s t i -  
f i a b l e  t o  s i m p l i f y  a simulation program by success ive ly  expos ing  
s u b j e c t s   t o   i n d i v i d u a l   s t r e s s e s .  The e f f e c t s   o f  combined s t r e s s  
may be  qu i t e '  d i f f e ren t  f rom the  to t a l  e f f ec t  o f  each  cons ide red  
s i n g l y ;  combined s t r e s s e s  may b e  e i t h e r  a d d i t i v e  o r  a n t a g o n i s t i c .  
For example, body heat transfer may be aided by v i b r a t i o n ,  59 and 
cold may d e c r e a s e  t o l e r a n c e  t o  a c c e l e r a t i o n .  
83 
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B u t ,  even  though a simultaneous simulation would be more pre- 
c i s e ,  a complex appa ra tus  would  be r e q u i r e d  t o  s u b j e c t  a r a t  t o  a 
s imul taneous  s imula t ion  of  the  sp in ,  v ibra t ion ,  no ise ,  and  acce ler -  
a t ion  p ro f i l e s  o f  t he  Aerobee  and s i m p l i f i c a t i o n  was almost mandatory 
f o r  economic  reasons  alone.   Moreover,   since  the  noise  and  vibration 
c o n d i t i o n s  a r e  r e l a t i v e l y  unknown, an exac t  s imula t ion  i s  impossible  
f rom  the  outset .   Consequent ly ,  i t  was d e c i d e d   t o   f i r s t   i n v e s t i g a t e  
whe the r  r a t s  cou ld  to l e ra t e  two of the more wel l -def ined environments ,  
s p i n  and acce lera t ion ,  wi thout  pronounced  ef fec ts  on  subsequent  grav i ty  
preference   behavior .  Then, i f   behavior   were  s t i l l  accep tab le ,   t he  
other environments would be added ,  e i the r  s ing ly  o r  i n  combina t ions ,  
so a s  t o  e s t a b l i s h  a sequence  of a l l  environments  to  which subjects  
cou ld  be  rou t ine ly  sub jec t ed  and  adap ted  p r io r  t o  f l i gh t .  
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Following i s  a descr ipt ion of  the techniques and apparatus  used 
i n  t h e  f i r s t  p h a s e ,  t h a t  i s ,  t h e  i n v e s t i g a t i o n  o f  t o l e r a n c e  t o  
s p i n  and a c c e l e r a t i o n ;  t h e  a p p a r a t u s  d e s c r i b e d  c o n s i s t s  o f :  
1) a gravi ty  f ie ld  cent r i fuge  which  geometr ica l ly  and  dynamica l ly  
resembles  the  tunnel  runways  of  the  Aerobee  payload,  and 2 )  a 
l a r g e  r a d i u s  c e n t r i f u g e  and support ing equipment  for  exposing r a t s  
t o  s i m u l a t i o n  o f  t h e  s p i n  and a c c e l e r a t i o n  p r o f i l e s .  
. 
G r a v i t y - f i e l d  c e n t r i f u g e .  
The p a r a b o l i c - t r a c k  c e n t r i f u g e  t h e n  i n  r o u t i n e  u s e  was 
modified by rep lac ing  the  " f loor"  of  the  runways  wi th  one-e ighth-  
inch diameter  aluminum rods spaced one-half  inch on center,  as i n  
the Aerobee payload,  and the posi t ion of  the r a t  i n  t h e  t r a c k  was 
recorded through an overhead mirror by s ingle- f rame opera t ion  of  
a s p e c i a l  Bolex movie camera. 
Another  modif icat ion was to  s imulate  the s lope of  the pay-  
load   runway.   Unl ike   the   parabol ic   cen t r i fuge   where   the   resu l tan t  
a c c e l e r a t i o n  v e c t o r  i s  normal to the runway surface a t  eve ry  po in t ,  
the  Aerobee runway must  be s lanted in  order  to  produce the gravi ty  
f i e l d   ( s e e   f i g u r e  1 6 ) .  Consequently,   the r a t  must   negot ia te  an 
"uph i l l "  s lope  in  o rde r  t o  r educe  the  l eve l  o f  s imula t ed  g rav i ty .  
A 9.6" s lope  was envis ioned a t  the  time  and so the  su r face  conf ig -  
u ra t ion  o f  t he  pa rabo l i c  cen t r i fuge  was redesigned to  be 9.6"  
"off" of a t rue  pa rabo la .  
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I n  a p a r a b o l i c  c e n t r i f u g e ,  t h e  r e s u l t a n t  a c c e l e r a t i o n  v e c t o r ,  
11 11 a , l ies  a long  the  normal  to  the  sur face  curve ,  d i sp laced  f rom 
t h e  e a r t h ' s  g r a v i t y  v e c t o r ,  "g",  by  some angle ,  @ ( s e e  f i g u r e  20) .  
But i f  t h e  s u r f a c e  i s  to  be  s loped  by some ang le ,  8 ,  then the an-  
gular displacement between the 'la'' and "g" v e c t o r s  mus t  be  increased  
t o  t h e  a n g l e ,  @ + 8. I n  t h i s  c o n f i g u r a t i o n ,  t h e  a n g l e  @ i s  given 
by : 2 
@ = ( a r c t a n  - ) - 8 r w  
g 
The s lope  o f  t he  des i r ed  cu rve  i s  t h e  n e g a t i v e  r e c i p r o c a l  o f  t h e  
slope of the normal and i s  given  by: 
dY -1 1 - - (7 - - "" ~. - 
dr 2 
-tan(gO"-@)  tan[90' - ( a r c t a n  .- - e ) ]  r w  
g 
The equa t ion  of t he  des i r ed  cu rve  i s  then found by i n t e g r a t i n g  
y w i t h  r e s p e c t  t o  r ,  t h a t  is:  
h dr  
Y = I L  - --- ~ 3 
This  equat ion may be  rendered  in tegrable  by s u b s t i t u t i o n  o f  t h e  
t h r e e  t r i g o n o m e t r i c  i d e n t i t i e s ,  t a n  (90' - a)  = cotcu, l/cotcu = tancu, 
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Figure  20. Parameters  Describing a 
Grav i ty  P re fe rence  Cen t r i fuge  P ro f i l e  
where  Slope i s  Modified from that of  
a True Parabola. 
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The f i r s t  e x p r e s s i o n  may be i n t e g r a t e d  d i r e c t l y  f r o m  t a b l e s ;  t h e  
second may b e   w r i t t e n   i n   t h e   f o r m   a n d  may then   be   i n t eg ra t ed  
by elementry  methods. The r e s u l t i n g  e x p r e s s i o n  is: 
y = -  r - - I n  O(rw + g)  - - I n  (Krw + g)  -!- C = g 2 g 2 
K K w  2 2  2 W 
K g 1 2 
-” In (Krw + g)  + C (11) 
K CL: 
The cons t an t  o f  i n t eg ra t ion ,  C ,  i s  found by s u b s t i t u t i n g  t h e  
c o n d i t i o n  t h a t  r = 0 when y = 0, and t h i s  y i e l d s  t h e  e q u a t i o n  
i n  f i n a l  form: 
r g 1 
K 
2 
2 r -  L + 1 l n r r w  + g1 y = ” -  
w K2 g J (12) 
S u b s t i t u t i n g  t h e  d e s i r e d  s l o p e  o f  8 = 9 . 6 ” ,  and l i m i t i n g  t h e  g r a v i t y  
f i e l d  of t h e  c e n t r i f u g e  t o  a maximum of  2g ,  y ie lds  the  fami ly  of  
curves  shown i n  f i g u r e  2 1 ,  one  curve  for  each  of  f ive  d i f fe ref i t  
a n g u l a r  v e l o c i t i e s .  
The conf igu ra t ion  wi th  a s i x - f o o t  r a d i u s  was chosen  in  order  
t h a t  t h e  t r a c k  l e n g t h  be comparable  with the ant ic ipated length 
of  the payload runway; f i g u r e  22 shows the modif ied parabol ic  cen-  
t r i f u g e   u s e d  i n  t he   l abo ra to ry .  One t r a c k  i s  cons t ruc ted   accord ing  
to  equat ion  (12)  and  the  o ther  i s  a t r u e  pa rabo la ;  bo th  c rea t e  a 
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Fi gure 21. Track Profile s for Gravity 
Preference Centrifuges which Incorporate 
a 9.60 Slope. 
Figure 22. Gravity Preference Centrifuge 
with One Track of True Parabola Config-
uration and One Track whose Slope is 
Modified by 9.6°. 
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maximum of 2 g a t  a r a d i u s  o f  6 f e e t  by r o t a t i o n  a t  29.1 rpm. 
Simulator  for  launch accelerat ion and spin.  
The purpose  of  the  launch  acce lera t ion  s imula tor  i s  t o  
e x p o s e  r a t s  t o  t h e  p r o f i l e  o f  a c c e l e r a t i o n  of  an  Aerobee f l i g h t ,  
preferably  without  introducing  extraneous  environments.   Accord- 
ing ly ,  the  fo l lowing  des ign  cons t ra in ts  were  reached:  
1. A u n i d i r e c t i o n a l ,   o n e - m i n u t e   a p p l i c a t i o n   o f   t h e   s p e c i f i e d  
a c c e l e r a t i o n  p r o f i l e  would r e q u i r e  a p r o h i b i t i v e  amount of  space 
a i d  would t e r m i n a t e  i n  a n  u n d e s i r a b l y  h i g h  v e l o c i t y ;  t h e r e f o r e ,  
c e n t r i f u g a t i o n  was cons ide red  the  on ly  p rac t i ca l  t echn ique .  
2 .  The on ly   impor t an t   angu la r   ve loc i ty   cha rac t e r i s t i c  of 
t h e  Aerobee, from a behavioral  s tandpoint ,  i s  t h e  r o l l  r a t e ,  which 
is abou t  an  ax i s  co inc iden t  w i th  the  long i tud ina l  acce le ra t ion  
v e c t o r .  On the   o the r   hand ,   t he   angu la r   ve loc i ty   o f  a s imula t ion  
centr i fuge would be about  an axis  which i s  near ly  perpendicular  
t o  t h e  r e s u l t i n g  a c c e l e r a t i o n ,  t h a t  i s ,  t o  t h e  v e c t o r  sum of 
e a r t h   g r a v i t y  and c e n t r i f u g a l   a c c e l e r a t i o n .  To r e d u c e   t h i s   a r t i -  
f ac t ,  t he  angu la r  ve loc i ty  o f  t he  cen t r i fuge  shou ld  be  minimized, 
thae i s ,  the  cen t r i fuge  r ad ius  shou ld  be  as l a r g e  as p r a c t i c a l  
and any simulated r o l l  r a t e  s h o u l d  b e  a b o u t  t h e  a x i s  o f  r e s u l t a n t  
a c c e l e r a t i o n .  
3 .  It is imposs ib l e   t o   accu ra t e ly   s imu la t e   t he   squa re  wave, 
b o o s t  a c c e l e r a t i o n  of t h e  Aerobee  on a l a r g e  r a d i u s  c e n t r i f u g e  w i t h -  
out   an  abundance  of   f inely  control led  power.   Therefore ,  s i m p l e  power 
and  cont ro l  sys tenswere  acceptab le  so long as they could supply a 
very r a p i d  rate of o n s e t  of a c c e l e r a t i o n .  
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Boost   acce le ra t ion   s imula t ion .  The  approach t o   d e s i g n  05 
a boos t  s imula t ion  sys tem was t o  e s t a b l i s h  t h e  r e q u i r e d  t o r q u e  
p r o f i l e ,  compare t h a t  w i t h  t h e  c a p a b i l i t i e s  o f  s e v e r a l  s i m p l e  
systems,and  then  choose  the  most  satisfactory  compromise.   Figure 23 
i l l u s t r a t e s  t h e  c o n f i g u r a t i o n  o f  t h e  s i m u l a t i o n  c e n t r i f u g e  a n d  t h e  
parameters  used  to  der ive  an  equat ion  for  the  requi red  torque  
p r o f i l e ;  t h e  r a t  i s  placed a t  t h e  end of t h e  c e n t r i f u g e  arm  and 
i s  exposed t o  a c c e l e r a t i o n  a s  a r e su l t  of  the combinat ion of  
g r a v i t a t i o n a l ,  c e n t r i f u g a l ,  and t a n g e n t i a l   f o r c e s .  
A t  any  in s t an t ,  t he  to rque  app l i ed  to  the  cen t r i fuge  i s  equal  
t o '  t h e  sum o f  t h e  i n e r t i a l  t o r q u e  a n d  t h e  t o r q u e  r e s i s t i n g  m o t i o n ,  
t h e  l a t t e r  due  pr inc ipa l ly  to  aerodynamic  drag ,  tha t  is: 
T = I - + T  dw 
a p p l i e d   d t   d r a g  
dw 
where T i s  torque,  I i s  t h e  c e n t r i f u g e  moment o f  i n e r t i a ,  and - a t  
i s  the  ins tan taneous  angular  acce lera t ion  requi red  to  produce  the  
des i r ed   s imula t ion   o f   l ong i tud ina l   acce l e ra t ion .   De te rmina t ion   o f  
the  torque- t ime prof i le  then  requi res  tha t  express ions  be  deve loped  
for both aerodynamic drag torque and a n g u l a r  a c c e l e r a t i o n .  
The aerodynamic drag torque may be simply expressed as the  
p roduc t  o f  t he  to t a l  d rag  fo rce ,  F and  the  e f f ec t ive  r ad ius  
a t  which i t  a c t s ;   r e f e r   a g a i n   t o   f i g u r e  23.  The t o t a l  d r a g  f o r c e  
drag '  
i s  found by i n t e g r a t i n g  t h e  d i f f e r e n t i a l  d r a g  f o r c e  o v e r  t h e  t o t a l  
arm l eng th ,  R ,  y i e l d i n g :  
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Figure 23. Acceleration  Components and  Drag  Force 
Distribution  Resulting from  Angular  Velocity  and 
Angular  Acceleration of a Cylindrical  Centrifuge  Arm. 
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L 
where CD i s  t h e  d r a g  c o e f f i c i e n t ,  p i s  t h e  a i r  d e n s i t y ,  V i s  t h e  
t a n g e n t i a l  v e l o c i t y ,  a n d  A i s  t h e  c r o s s - s e c t i o n a l  area of t h e  arm. 
The drag coeff ic ient ,  being dependent  upon the Reynolds  
number (NR), i s  a func t ion  bo th  of c e n t r i f u g e  a n g u l a r  v e l o c i t y ,  
u), and d is tance  a long  the  arm, r ,  t h a t  is: 
where d i s  the  th i ckness  o f  t he  arm and y i s  t h e  v i s c o s i t y  of  the 
surrounding a i r .  Assuming a maximum rad ius   o f  15 f e e t ,  a 0 .5-foot  
arm he igh t ,  a maximum a n g u l a r  v e l o c i t y  of 4 radians/second,  and 
va lues   o f  p = 0.002377  slugs/foot  and y = 3.737 x 10 pound 
seconds/foot  , t h e  maximum Reynolds number would  be: 
3 - 7  
2 
N 
- (. 002377) (0.5) (15) ( 4 )  5 - = 1.9 x 10 (16) R ,max (3.737 x 
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For  Reynolds  numbers  between t h i s  v a l u e  and 100,  the drag coeff ic ient  
of a c y l i n d i r c a l  arm v a r i e s  between  0.9  and 1.4 and for  purposes  
of t h i s  approx ima te  ana lys i s  i s  taken  to   be a cons tan t  equal  to  
1 .0 .   Th i s   pe rmi t s   s imp l i f i ca t ion   o f   equa t ion  (14)) which now 
becomes : 
Fdr  ag = 1 / 2 P C D  V 2 d A  
S u b s t i t u t i n g  t h e  v a l u e s  o f  p and C given  above,   and  the  re la t ions 
V = rw and dA = (d) (dr ) gives:  
D 
F = 0.00032~0 r d 2 3  
drag 
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S i n c e  t h i s  d i s t r i b u t i o n  i s  c u b i c  w i t h  r e s p e c t  t o  r ,  t h e  t o t a l  
d r a g  f o r c e ,  
r ad ius  o f  4R/5 and, therefore,  the aerodynamic drag torque is:  
Fdr  ag , a c t i n g  a t  any  speed, W, may be taken to  act  a t  a 
- 4RFdr  ag 
= #  0 . 0 0 0 2 6 ~  R d 2 4  Tdr  ag - .  
5 
Having an expression for drag torque, an e x p r e s s i o n  f o r  - d w  
d t  
i s  r e q u i r e d  i n  o r d e r  t o  e v a l u a t e  e q u a t i o n  ( 1 3 )  f o r  a p p l i e d  t o r q u e .  
A s  shown i n  f i g u r e  23, t h e  r e s u l t a n t  a c c e l e r a t i o n ,  a ,  which  ac ts  
upon t h e  ra t  i s  t h e  v e c t o r  sum o f  t h e  c e n t r i p e t a l ,  r w  , t he  t an -  2 
dw 
g e n t i a l ,  r - 
d t  ' and t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  "g"; the   angular  
dw 
d t  
a c c e l e r a t i o n ,  -, may be  so lved  for  f rom th is  vec tor  sum, assuming 
t h a t  a n  e x p r e s s i o n  f o r  "arr may b e  w r i t t e n .  It i s  d e s i r e d  t h a t  "arr 
be approximately equal to the t ime-varying, Aerobee boost acceler-  
a t i o n  as shown i n  f i g u r e  18, and considerable  mathematical  s i m p l i -  
f i c a t i o n  may be achieved by approx ima t ing  th i s  p ro f i l e  by a l i n e a r  
increase  f rom  9.3g  to  10.4g over a 2 .5   s econd   pe r iod .   Se t t i ng   t h i s  
e q u a l  t o  t h e  v e c t o r  sum of  the components  yields:  
d r2w4 + r2(dw/dt)  + g2 = (9 .3 '+   . 44 t ) (32 .2 )  a 2 
and   so lv ing   for  - y i e l d s :  dw 
d t  
5.45[(9.3 + . 4 4 t )  - 11 - w 2 4 (2 1) 
The torque- t ime prof i le  which  must be a p p l i e d  t o  t h e  c e n t r i f u g e  
for boos t  acce le ra t ion  s imula t ion  i s  found by  subs t i tu t ing  
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equat ions  (19)   and  (21)   into  equat ion (13), which y i e l d s :  
Tappl ied = 0 . 0 0 0 2 6 3 ~ ~ ~ ~ t  + Id5.45[(9.3 + . 4 4 t ) 2  - 1 3  - UI 4 
This equa t ion  was so lved  on  the  Univers i ty  of  Kentucky ' s  I B M  
7090 d i g i t a l  computer  for  var ious moments o f  i n e r t i a ,  u s i n g  t h e  
PACTOLUS digi ta l -analog s imulat ion technique and assuming a c e n t r i -  
f u g e  r a d i u s  o f  1 3 . 8  f e e t ;  t h e  r e s u l t i n g  f a m i l y  o f  t o r q u e  p r o f i l e s ,  
shown i n  f i g u r e  24, w i l l  p r o d u c e  r e s u l t a n t  a c c e l e r a t i o n  p r o f i l e s  
which  increase  l inear ly   f rom  9.3g t o  10.4g i n  2 . 5  seconds.  Note 
t h a t  a h i g h  i n i t i a l  t o r q u e  f s  r e q u i r e d  s i n c e  n e a r l y  a l l  o f  t h e  
r e s u l t a n t  a c c e l e r a t i o n  a t  time zero  i s  i n  t h e  t a n g e n t i a l  com- 
ponent. After 0.3  seconds,   however,   very l i t t l e  torque i s  r e q u i r e d  
s i n c e  t h e  c e n t r i p e t a l  component i s  o f  s u f f i c i e n t  m a g n i t u d e  t o  
s u p p l y  n e a r l y  a l l  o f  t h e  r e q u i r e d  a c c e l e r a t i o n .  
Severa l  s imple  sys tems were examined f o r  t h e i r  a b i l i t y  t o  
p roduce   t h i s   t ype   o f   t o rque   p ro f i l e .  The sys t em  chosen   u t i l i ze s  
a s t re tched  rubber  shock  cord  to  apply  a t a n g e n t i a l  f o r c e  t o  a 
drum c o n c e n t r i c  w i t h  t h e  c e n t r i f u g e  a x i s ;  f i g u r e  25 i s  a schematic 
d iagram  of   th i s   type  power system.  The  shock  cord,   wi th   spr ing 
cons t an t ,  K,  i s  s t r e t c h e d  so as t o  p u l l  w i t h  a n  i n i t i a l  t e n s i o n ,  
Fo. The e q u a t i o n  f o r  t o r q u e  a p p l i e d  as a f u n c t i o n  o f  drum d i s -  
placement, 0 ,  i s :  
T = 2 ( ~ ~  - Kx) r cose  = 2 (Fo - Krsin0)rcose  (23)  
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Figure  24. Torque  Profiles  Required  to  Simulate  the  Aerobee 
Boos t   Acce lera t ion   Prof i le   on  a Cent r i fuge   o f  1 3 . 8  Foot 
Radius fo r  Var ious  Floments o f  I n e r t i a  ( f t  lb sec2 ) . 
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The va lue  o f  Fo is determined by the r e q u i r e d  t a n g e n t i a l  a c c e l e r -  
a t i o n  ( i . e . ,  a t  time zero)   and   equals   3001/2rR  for   9 .3g   acce ler -  
' a  t i o n  s u b s t i t u t i n g ,  w i t h  v a l u e s  o f  R = 13.8 f e e t ,  r = 1 f o o t ,  
and I = 300 f t  l b  s e c 2  y i e l d s :  
T = 2[3260(1 - s i n e )  + ~ ~ ~ ~ s i n e ] c o s ~  
where F = Fo - K r .  Th i s   equa t ion   y i e lds  a fami ly   o f   to rque-  
angular   d i sp lacement   curves   for   var ious   spr ing   cons tan t ,  K.  I f  
min 
damping i s  neg lec t ed ,  t he  dynamic response  of   the  system  ( i .e . ,  
ve r sus  t ime)  i s  found by  numer ica l  in tegra t ion  accord ing  to  the  
fc 1 lowing   ou t   l ine  : 
1. Given   tha t  momentum i s  the   t ime   i n t eg ra l  of work,  then 
u) = 1/I 1 TdQ.  Subs t i t u t ing  T as a func t ion  o f  0 f rom equat ion 
(24 )  y i e lds  w = f ( e ) .  
2 .   Given  that   d isplacement  i s  t h e   t i m e   i n t e g r a l  of  v e l o c i t y ,  
then t = r . S u b s t i t u t i n g  w = f ( 0 )  f rom  s t ep   (1 )   y i e lds  
* u )  
t = f ( e ) .  
3 .  Then  by i n v e r t i n g ,   t h a t  i s  by r e l a t i n g   t o  l/w, 8 can 
be  found  as a f u n c t i o n  of t ime. 
. 4 .  Knowing T = f (8) from  equation ( 2 4 )  and 6 = f ( t )  from 
s t e p  (3)  permits  a matching of  torque t o  time a t  e a c h  v a l u e  of 
0 ,  y i e l d i n g  T = f ( t ) .  
I f  t h e  c e n t r i f u g e  i s  wound up aga ins t  the  shock  cord  (which 
h a s  a n  i n i t i a l  t e n s i o n  of  F ) through some ang le  g rea t e r  t han  go", 0 
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Figure 25. Configuration  of Shock  Cord 
System f o r  Applying Torque t o  a Cent r i -  
fuge for Boost Acceleration Simulation. 
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Figure 26. Torque  Profile  Attainable  from 
a Centr i fuge with an Undamped Shock Cord 
Power System, Compared w i t h  t h e  P r o f i l e  
Required f o r  Boost Acceleration Simulation. 
t h e  f i r s t  p a r t  o f  t h e  torque-t ime curve i s  f l a t t e n e d ,  b u t  d r o p s  
o f f  r a p i d l y  a f t e r  a"8"of 90" i s  reached;  t h i s  i s  because a t  ang le s  
g rea t e r  t han  90°,  t h e  p u l l i n g  r a d i u s  i s  c o n s t a n t ,  r e s u l t i n g  i n  a 
n e a r l y   c o n s t a n t   t o r q u e .  By r o t a t i n g   a n   a d d i t i o n a l  10" befo re  
re lease,  a n   a c c e p t a b l e   p r o f i l e  i s  t h e o r e t i c a l l y   o b t a i n a b l e .   F i g u r e  26 
compares  the  r equ i r ed  to rque  p ro f i l e  w i th  tha t  a t t a inab le  f rom an  
undamped shock 
fuge  of  rad ius  
Figure 2 7  
cord system (K = 100 l b / f t )  o p e r a t i n g  on a c e n t r i -  
13.8 f e e t  and moment of  i n e r t i a  o f  300 f t  l b  s e c  . 
shows the  cen t r i fuge  wh ich  u t i l i ze s  the  shock  co rd  
2 
sys tem  for   boos t   s imula t ion .  The moment o f  i n e r t i a  was reduced 
cons ide rab ly  be low the  an t i c ipa t ed  va lue  by u s i n g  2 6- inch  d ia -  
meter  aluminum  tube  for  the  centrifuge  arm;  consequently,   the 
r equ i r ed   t o rque  i s  less t h a n   a n t i c i p a t e d .  A 34-foot   l ength   o f  
1/2-inch rubber shock cord is  doubled and s t re tched with block 
a n d  t a c k l e  t o  a n  i n i t i a l  t e n s i o n  o f  400 pounds ;  t he  a rmis  then  
"walked  around' '   about  three-quarters  of a t u r n  t o  s t o r e  t h e  a d d i t i o n a l  
e n e r g y   n e c e s s a r y   f o r   i n i t i a l   a c c e l e r a t i o n ,   a n d   r e l e a s e d .   A f t e r  
t h r e e - q u a r t e r s  o f  a turn of  powered  motion,  the  centrifuge i s  
braked  by  rewinding  aga ins t  the  s t re tched  shock  cord ;  the  cent r i -  
fuge i s  a l lowed  to  r eve r se  and move through one  addi t iona l  cyc le  
SO a s  t o  d i s s i p a t e  s u f f i c i e n t  e n e r g y  t o  p e r m i t  s t o p p i n g  by  hand. 
1  Figure  27 does  not  show t h e  
e lec t r ic  motor  dr ive  which  subsequent ly  powers  the  sus ta iner  acce ler -  
a t i o n  s i m u l a t i o n ;  a 1/2  horsepower  motor  and  v-belt   drive i s  used.  
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Figure 27 . Centrifuge for Simulating the 
Boost and Sustainer Acceleration and Spin 
Profile of the Aerobee l50A. 
II 
10 
9 
8 
~7 
I 
c .~6 
-o ~5 
Q) 
<J 
<J4 
« 
3 
2 
,.....-" /"~ / V "-/ ;\ 
I I 1'-11 I iy-Slmulated 
V I I 
I I 
I : 
1 i 
I I,Aerobee 
I L \ 
-- - -\ ----
'" o 2 3 4 5 
Time - seconds 
6 
Figure 28. Simulated Boost Acceleration 
Profile Achieved Compared with the Pro -
f ile of an Aerobee l50A with 200 Pound 
Payload. 
Speed i s  cont ro l led  manual ly  wi th  a Variac v a r i a b l e  t r a n s f o r m e r .  
A 1/15 horsepower motor, shown mounted  on t h e  c e n t r i f u g e  arm, 
s imul taneous ly  provides  sp in  of  the counterweighted animal cap- 
su le   abou ' t   the  axis  o f   r e s u l t a n t   a c c e l e r a t i o n .  The animal  cap- 
s u l e  i s  fashioned from a 3-1/2" x 6" x 8" aluminum  Minibox,  and 
i s  mounted wi th  i t s  c e n t e r  o f  g r a v i t y  a t  a r a d i u s  o f  13.8 f e e t .  
Power i s  t ransmi t ted  through a f l e x i b l e  s h a f t ,  a n d  t h e  c a p s u l e  
i s  gimble  mounted;  this  arrangement  permits  the  spinning  capsule 
t o  a l i g n  w i t h  t h e  c h a n g i n g  d i r e c t i o n  o f  t h e  r e s u l t a n t  a c c e l e r a t i o n  
v e c t o r .  The s p i n   p r o f i l e  i s  a l s o   V a r i a c   c o n t r o l l e d .  
Performance of t h e  a c c e l e r a t i o n  and s p i n  s i m u l a t i o n  a p p a r a t u s .  
Figure 28 shows t h e  s i m u l a t e d  b o o s t  a c c e l e r a t i o n  p r o f i l e  
compared  with  that   of  the  Aerobee  with a 200-pound payload.  Acceler- 
a t i o n  was measured with a CEC model 4-202-0001 unbonded s t r a i n  
gage accelerometer mounted  on the bot tom of  the gimbled animal  cap-  
s u l e ,  and  recorded  on a Sanborn 350 s t r i p   c h a r t   r e c o r d e r .   S i n c e  
o n l y  1-112 t u r n s  o f  t h e  c e n t r i f u g e  was n e c e s s a r y ,  t h e  t r a n s m i s s i o n  
c a b l e  was a l lowed  to  twist, e l i m i n a t i n g  t h e  n e c e s s i t y  f o r  s l i p  
r i n g s .  The curve shown i s  the  mean r e s u l t a n t   a c c e l e r a t i o n   f o r   t h r e e  
t es t s .  Shock  cord  damping i s  p r o b a b l y   r e s p o n s i b l e   f o r   t h e   f a c t  
t h a t  a c c e l e r a t i o n  s t a r t s  a t  1.Og r a t h e r  t h a n  8g.  
F igu re  2 9  shows t h e  s i m u l a t e d  s u s t a i n e r  a c c e l e r a t i o n  p r o f i l e ,  
compared wi th   t he   Aerobee   p ro f i l e   w i th  200-pound payload.   In   the 
a b s e n c e  o f  s l i p  r i n g s ,  t h e  s u s t a i n e r  a c c e l e r a t i o n  was c a l c u l a t e d  
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from  measurements  of  angular  velocity.  A cam-operated  micro- 
swi tch  c loses  once  dur ing  each  cent r i fuge  revolu t ion ,  producing  
a t iming mark  on the Sanborn s t r i p  chart  from which the average 
a n g u l a r   v e l o c i t y   f o r   t h a t   r e v o l u t i o n  i s  c a l c u l a t e d .  From t h i s ,  
c e n t r i p e t a l  a c c e l e r a t i o n  i s  ca l cu la t ed  fo r  each  r evo lu t ion  and ,  
n e g l e c t i n g  t a n g e n t i a l  a c c e l e r a t i o n ,  i s  v e c t o r i a l l y  added t o  e a r t h  
g r a v i t y   t o   o b t a i n   t h e   r e s u l t a n t   a c c e l e r a t i o n .  The curve shown 
i s  t h e  mean o f  s i x  t e s t s .  
Figure 30 shows the  s imula t ed  sp in  p ro f i l e  compared with 
t h a t  of the  Aerobee.   Spin  ra te  was measured  in   the same  manner 
a s  c e n t r i f u g e  a n g u l a r  v e i o c i t y  e x c e p t  t h a t  t h e  r e f e r e n c e  t i m i n g  
marks are produced by vo l t age  f luc tua t ions  f rom a cont inuous  ro t -  
a t ion  poten t iometer  dr iven  by the  sp inning  capsule .  
It i s  f e l t  t h a t  t h e  a c h i e v e d  s i m u l a t i o n s  o f  s u s t a i n e r  a c c e l e r -  
a t i o n  and s p i n  a r e  s a t i s f a c t o r y  s i n c e  b o t h  m a g n i t u d e  and r a t e  of 
onset  are  comparable  with the corresponding Aerobee character is t ic .  
The s imula t ed  boos t  p ro f i l e  i s  q u i t e  i n a c c u r a t e  o n l y  d u r i n g  t h e  f i r s t  
s e v e r a l  m i l l i s e c o n d s  i n  t h a t  a s t e p  f u n c t i o n  was not  achieved.  
E f fec t  o f  Launch Simulat ion on Preference Behavior 
S ix  na ive  r a t s  w e r e  r o u t i n e l y  t r a i n e d  i n  t h e  p r e f e r e n c e  c e n t r i -  
fuge  in  p repa ra t ion  fo r  eva lua t ion  o f  t o l e rance  to  the  s imula t ed  
launch environment;  each subject was r e l e a s e d  a t  2.0g  and t e s t e d  
fo r   t en   minu te s .   Af t e r  2 1  t r a i n i n g   s e s s i o n s ,  a s t a b l e   p a t t e r n  
of preference  behavior  was achieved;  f ive  of  the  six s u b j e c t s  
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Figure 29. S imula ted   Sus ta iner   Acce lera t ion  
Profile Achieved Compared w i t h  t h e  P r o f i l e  
of a n  Aerobee 150A with 200 Pound Payload. 
- 
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Figure 30. Simulated  Spin  Profile  Achieved 
Compared wi th  the  P ro f i l e  of an Aerobee 150A. 
reached 1.Og w i t h i n  15 seconds,  while one spent a la rge  pro-  
po r t ion  o f  each  t e s t  a t  2 .0g .   The   f ive   subjec ts   wi th   rap id  
response  a l so  demonst ra ted  normal  explora tory  behavior  a f te r  
reaching  l .Og,  tha t  i s ,  s h o r t  t r i p s  away from t h e  1.Og reg ion  
occurred two o r  t h r e e  times i n  e a c h  tes t .  
The e f fec t  o f  each  envi ronment  was evaluated by f i r s t  
exposing a s u b j e c t  t o  that  environment,  and  then  immediately 
t r a n s p o r t i n g  him t o  t h e  g r a v i t y  f i e l d  c e n t r i f u g e  f o r  a r o u t i n e  
p re fe rence   t e s t .   Behav io r   o f   t he   sub jec t   wh i l e   i n   t r anspor t  
f rom the  s imula t ion  was examined f o r  any  unusual symptoms such 
a s  exc i t emen t ,  r ap id  b rea th ing ,  excess ive  u r ina t ion  ana  de feca -  
t i o n ,  o r  d i s o r i e n t a t i o n ;  a l s o , g r a v i t y  p r e f e r e n c e  b e h a v i o r  was 
compared w i t h  t h a t  d e m o n s t r a t e d  i n  t h e  2 1  t r a i n i n g  t e s t s  w i t h  
respec t   to   bo th   response   t ime  and   explora tory   behavior .   I f  no 
unusual behavior was demonstrated during t ransport ,  and response 
t ime and explorat ion were normal  during the preference tes t ,  then 
the environment was considered to have no s i g n i f i c a n t  e f f e c t  on 
g rav i ty  p re fe rence  behav io r .  
E f fec t  o f  s imula t ed  boos t  acce le ra t ion .  
Figure 31 shows t h e  mean percentage of  t ime spent  a t  1.Og and 
2.0g  by t h e  s i x  r a t s  a s  a func t ion  o f  t ime  in to  the  p re fe rence  t e s t ,  
bo th  a f t e r  exposure  to  s imula t ed  boos t  acce le ra t ion  and d u r i n g  p r i o r  
t r a in ing ;  t he  one  sub jec t  wh ich  spen t  cons ide rab le  t ime  a t  2 .0g  
a c c o u n t s  f o r  t h e  f a c t  t h a t  a mean of  only 80% of  each minute  was 
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Figure  31.  Mean Preference  of  6 Rats f o r  
1.Og and 2.Og a s  a Funct ion of  Time i n t o  
Test  Before and After  Boost  Accelerat ion 
S imula t ion .  
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s p e n t  a t  1.Og. No unusual  symptoms were observed  during  t ran-  
port  of  any subject  f rom the environmental  s imulat ion;  exploratory 
behavior of each was normal  dur ing  preference  tes t ing  and  response  
time was not   s ign i f icant ly   changed .   Fol lowing   boos t   eva lua t ion , '  
r o u t i n e  p r e f e r e n c e  t r a i n i n g  was resumed so as t o  m a i n t a i n  s t a b l e  
b e h a v i o r  u n t i l  e v a l u a t i o n  o f  t o l e r a n c e  t o  s p i n  was i n i t i a t e d .  
E f f e c t  o f  s i m u l a t e d  sp in .  
Before the rats were exposed t o  2 s imul taneous  s imula t ion  
o f  sp in  and  acce le ra t ion  on  the 'boos t  s imula to r  cen t r i fuge ,  t he  
e f f e c t  o f  s p i n  a l o n e  was eva lua ted .   This   separa te   sp in   s imula t ion  
was accompl ished  by  ro ta t ing  the  capsule  through the  sp in  prof i le  
about a ve r t i ca l  ax i s ,  u s ing  the  Var i ac  speed  con t ro l  t echn ique  
p rev ious ly  desc r ibed .  
Preference behavior  was i d e n t i c a l  t o  t h a t  o b s e r v e d  a f t e r  
exposure  to  s imula t ed  boos t  excep t  t ha t  a l l  s ix  sub jec t s  r eached  
1.Og w i t h i n  15 seconds;  again,  no unusual symptoms  were  observed 
d u r i n g   t r a n s p o r t .   A f t e r   e v a l u a t i o n   o f   t h e   e f f e c t   o f   s p i n ,   s u b j e c t s  
resumed r o u t i n e  p r e f e r e n c e  t r a i n i n g  f o r  one  week t o  m a i n t a i n  
b e h a v i o r  u n t i l  e v a l u a t i o n  o f  t o l e r a n c e  t o  s u s t a i n e r  a c c e l e r a t i o n  
was i n i t i a t e d .  
E f f e c t  o f  s imula t ed  sus t a ine r  acce le ra t ion .  
P re fe rence  behav io r  a f t e r  exposure  to  s imula t ed  sus t a ine r  
accelerat ion remained unchanged except  that  the one subject  who 
acquired a r ap id  r e sponse  a f t e r  sp in  s imula t ion  r e tu rned  to  h i s  
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p r e v i o u s  p a t t e r n  of behavior ,  spending  cons iderable  time a t  2.0 g. 
Normal exp lo ra to ry  behav io r  was demonstrated by a l l  sub jec t s  du r ing  
p r e f e r e n c e  t r a i n i n g  a n d  no unusual symptoms were observed during 
t r a n s p o r t .   A f t e r   e v a l u a t i o n   o f   s u s t a i n e r   a c c e l e r a t i o n ,   s u b j e c t s  
resumed p r e f e r e n c e  t r a i n i n g  f o r  two weeks u n t i l  e v a l u a t i o n  o f  
s imul taneous  sp in  and  acce lera t ion  was i n i t i a t e d .  
Ef fec t  o f  s imul taneous  s imula t ion  
of s p i n  a n d  s u s t a i n e r  a c c e l e r a t i o n .  
Again,  normal prefere.nce and exploratory behavior were 
o b s e r v e d  a f t e r  s i m u l a t i o n  and  no unusual symptoms were recognized 
du r lng   t r anspor t .  It i s  concluded  that  ra t s  a r e   a b l e   t o   t o l e r a t e  
exposure  to  the  s imula t ed  sp in  and  acce le ra t ion  p ro f i l e s  o f  t he  
Aerobee 150A, e i t h e r  s i n g l y  o r  i n  c o m b i n a t i o n ,  w i t h o u t  a d v e r s e  
e f fec ts  on  locomot ion-demonst ra ted  gravi ty  preference  behavior .  
T ra in ing  P rocedures  fo r  Suborb i t a l  F l igh t  
. Having e s t a b l i s h e d  t h e  c a p a c i t y  o f  t h e  t r a i n e d  r a t  t o  m a i n t a i n  
l ea rned  g rav i ty  behav io r  a f t e r  unde rgo ing  two of  the environments 
c h a r a c t e r i s t i c  of  an  Aerobee  launch, i t  remained t o  e s t a b l i s h  
t echn iques  fo r  rou t ine ly  p repa r ing  sub jec t s  fo r  t he  many environments 
a n t i c i p a t e d  or. the   actual   rocket- launched  experiment .  It was 
dec ided  tha t  t r a in ing  se s s ions  shou ld  en ta i l  s equen t i a l  exposure  to :  
1) confinement, 2) boos t   and   sus t a ine r   acce l e ra t ion ,  and 3)  simul- 
t aneous   sp in ,   no i se ,  and v ib ra t ion ,   fo l lowed  by 4 )  a g r a v i t y  
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pre fe rence  t e s t .  This   sec t ion   descr ibes   the   appar tus   and  
procedures  deve loped ,  and  the  resu l t s  of  the  t ra in ing  program.  
Appartus . 
Confinement.  Twenty  aluminum  capsules,  such as the  one 
shown i n  f i g u r e  3 2 ,  were fash ioned  to  s imula te  the  caging  sys tem 
of  the  Aerobee  runway, shown i n  f i g u r e  3 3 .  The r a t  i s  confined 
i n  a p o r t i o n  of t he  s imula t ion  capsu le  measu r ing  2 - 3 / 4 "  x 6-1/4'k 3" 
I by  an  aluminum rod   ga t e .  Each two o f   t he   capsu le s   a r e   a t t ached  
t o  a mounting plate which i s  modif ied for  rapid at tachment  to  both 
t h e  a c c e l e r a t i o n  s i m u l a t i o n  c e n t r i f u g e  and s p i n - n o i s e - v i b r a t i o n  
appara tus ,  permi t t ing  exposure  of  the  ra t s  to  a l l  environments 
without  removal  from  the  confinement  capsule. One capsule   o f   the  
s e t  i s  i n v e r t e d  r e l a t i v e  t o  t h e  o t h e r  so t h a t  t h e  r a t s  may become 
accustomed t o  s i t t i n g  e i t h e r  on the  rod  ga te  o r  t he  oppos i t e  f loo r ,  
j u s t  as they would in the payload depending upon whether they were 
r e l e a s e d  a t  h i g h  o r  low g r a v i t y .  
Ear ly  exper ience  showed t h a t  t h e  i n t e r n a l  t e m p e r a t u r e  and 
humidity of t he  capsu le  rose  s ign i f i can t ly  du r ing  conf inemen t .  
To i n v e s t i g a t e  means  of  improving t h i s ,  one capsu le  was modified 
by d r i l l i n g  s i x  small v e n t i l a t i o n  h o l e s  i n  e a c h  s i d e  t o  p e r m i t  
c o o l i n g  e x t e r n a l l y  w i t h  a n  e l e c t r i c  f a n .  T e m p e r a t u r e  was measured 
i n  b o t h  a modified and an unmodified capsule with a mercury ther-  
mometer inser ted  through a rubber grommet i n t o  t h e  empty space 
oppos i t e  t he  r a t ;  a s  shown i n  f i g u r e  3 4 ,  the  tempera ture  r i se  i n  
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Figure 32. Set of Confinement Capsules used 
to Prepare Rats for a 4 Hour Hold in Launch 
Procedure. 
Figure 33. Animal Caging System Employed 
in the Runway of the Aerobee Gravity 
Preference Payload. 
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t h e  v e n t i l a t e d  c a p s u l e  was l i m i t e d  t o  4OF as compared t o  a LOOF 
rise in   t he   unven t i l a t ed   sys t em.   Hun id i ty  was n o t  n o t i c e a b l y  
reduced a t  f i r s t  s i n c e  t h e  c o n f i n e d  r a t s  t e n d e d  t o  u r i n a t e  
heav i ly .  A l l  confinement   capsules  were subsequen t ly   ven t i l a t ed  
i n  t h e  f a s h i o n  d e s c r i b e d .  
Acce le ra t ion .  The e x i s t i n g   a c c e l e r a t i o n   s i m u l a t i o n   c e n t r i -  
fuge was mod i f i ed  fo r  more p r e c i s e  and automatic  operat ion;  
see f i g u r e  3 5 .  A 1/4   horsepower   winch   motor   p rovides   the   in i t ia l  
shock-co rd  t ens ion  by  pu l l ing  the  cen t r i fuge  arm backwards 
a g a i n s t  the shock  cord  through  an  angle  of  about 30°. Upon 
reach ing  th i s  po in t  t he  winch  co rd  de taches  au tomat i ca l ly ,  p e r -  
m i t t i n g  t h e  s h o c k  c o r d  t o  a c c e l e r a t e  t h e  arm; the shock cord 
a l so  d rops  a f t e r  expend ing  i t s  s tored energy,  and al lows the 
c e n t r i f u g e   t o   c o n t i n u e   r o t a t i o n   i n   t h e  same d i r e c t i o n .   A f t e r  
s lowing   cons ide rab ly ,   t he   cen t r i fuge  i s  powered  through t h e  
sus t a ine r  phase  unde r  the  con t ro l  o f  a Data-Trac curve-following 
programmer.  Performance i s  cons ide rab ly  improved wi th   t hese  
mod i f i ca t ions  s ince  the  d r ive  moto r  a s s i s t s  t he  shock  co rd  in  a 
programmed  manner during the boost phase,  and increased smooth- 
nes s   and   r epea tab i l i t y   o f   t he   sus t a ine r   phase  are achieved.  No 
capsule  sp in  motor  i s  used; however,  spin is induced  aerodynamically 
d u r i n g  c e n t r i f u g e  r o t a t i o n .  
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Figure 35. Acceleration Simulation Centrifuge 
for Routine Preparation of Rats for an Aerobee 
Flight. 
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Spin ,   no ise ,   and   v ibra t ion .   Whi le  i t  would  be d e s i r a b l e  
t o  s i m u l a t e  a l l  the  launch  environments  simultaneously,   the 
i n c r e a s e  i n  moment of  iner t ia  which  would  resu l t  f rom adding  
t h e  n e c e s s a r y  d e v i c e s  t o  the end of  the arm of t h e  a c c e l e r a t i o n  
s imula t ion  cen t r i fuge  wou ld  be  p roh ib i t i ve  to ' h igh  r a t e s  o f  onse t ;  
consequent ly ,  the s imulated spin,  noise ,  and vibrat ion environments  
were crea ted  s imul taneous ly ,  bu t  apar t  f rom the  cent r i fuge ,  and  
the   appara tus  i s  shown i n  f i g u r e  36. A mechanical   shaker   vibrates  
the spinning capsule  assembly between two accous t i c  speake r s  
through which i s  played a tape  record ing  of  rocke t  no ise .  
The mechanical shaker i s  the crank-and-eccentr ic  rod type 
w i t h  a v a r i a b l e  p i v o t  p o s i t i o n  o n  t h e  e c c e n t r i c  r o d  t o  s u p p l y  
amplitudes u p  t o  1/16   inch .  It i s  d r i v e n  e l e c t r i c a l l y  and  manual 
f requency  cont ro l  up  to  15  cps i s  achieved by means  of a hand crank 
on a model 30M Graham variable  speed t ransmission.  In  view of  the 
l imi t ed  in fo rma t ion  on  the  pay load  f l i gh t  v ib ra t ion ,  t he  cho ice  
of amplitude and frequency was somewhat a r b i t r a r y , .  t h e  g o a l  b e i n g  
t o  f a m i l i a r i z e  t h e  s u b j e c t s  w i t h  t h e  i d e a  o f  v i b r a t i o n  r a t h e r  t h a n  
t o   a c c u r a t e l y   s i m u l a t e   a n t i c i p a t e d   c o n d i t i o n s .  The frequency was 
set  a t  10  cps ,  about  ha l f  the  na tura l  f requency  of  the  major  body 
sys t ecso f  a r a t ,  so as n o t  t o  c a u s e  s e r i o u s  i n j u r y  w i t h  r e p e a t e d  
exposure;   the   ampli tude was set  a t  1/16 inch  which, a t  10  cps ,  
corresponds to  0.32g peak  acce le ra t ion .  
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Figure 36. Apparatus for Routinely Exposing Rats to Simul-
taneous Simulations of Aerobee Spin, Noise, and Vibration. 
Figure 37. 
the Gravity 
Velocity of 
Spiral Gravity Preference Centrifuge Simulating 
Range, Track Length, Slope Angle, and Angular 
the Aerobee Gravity Preference Payload. 
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The s p i n  p o r t i o n  o f  the a p p a r a t u s  c o n s i s t s  o f  a 1/12 horse- 
power ,  var iab le-speed  motor  wi th  v-be l t  d r ive  t o  a pul ley  which  
is  c o l l a r e d  t o ,  b u t  f r e e  t o  r o t a t e  a b o u t ,  t h e  o u t p u t  s h a f t  o f  the 
mechanical  shaker.  The s p i n  p r o f i l e  i s  manual ly   ad jus ted   wi th  a 
Boston R12 motor  speed control ler .  
The n o i s e  f a c i l i t y  c o n s i s t s  o f  a 100-Watt, Altec Lansing model 
1570B a u d i o  a m p l i f i e r ,  a Webcor "Compact" tape  recorder ,  and  two 
Altec "Voice  of  the  Theater"  speaker  cabinets.   This  matched  system 
i s  capable of producing 130 db of broadband noise a t  t h e  c a p s u l e  
assembly with a frequency response which i s  " f l a t "  w i t h i n  *l db 
between 20 and  20,000  cps.   The  noise  recording was made i n  t h e  
Aerobee launch tower a t  Wal lops  I s land ,  Vi rg in ia  dur ing  a r o u t i n e  
launch.  Based  upon the  Wallops estimate,45 and  assuming a 3 db 
a t t e n u a t i o n  t h r o u g h  t h e  c a p s u l e ,  t h e  i n t e n s i t y  a t  t h e  c a p s u l e  was 
a d j u s t e d  t o  106 db  wi th  a cal ibrated General  Radio model  759  db 
meter .  
G r a v i t y   f i e l d   c e n t r i f u g e .  A s p i r a l   c o n f i g u r a t i o n   c e n t r i f u g e  
w a s  chosen  over  the  parabol ic  type  s ince  i t  seemed t o  p e r m i t  a 
c l o s e r  compromise  between  the  geometric  and  dynamic  parameters  of 
t he  pay load  cen t r i fuge ;  a t  45 rpm ( the  angu la r  ve loc i ty  o f  t he  
p a y l o a d  a f t e r  arm deployment), a p a r a b o l i c  t r a c k  c e n t r i f u g e  with 
p rope r  g rav i ty  g rad ien t  would be  on ly  a few f e e t  l o n g .  F i g u r e  37 
shows t h e   t w o - t r a c k ,   s p i r a l   a p p a r a t u s .  It d u p l i c a t e s   t h e   t r a c k  
l eng th  (80 i n c h e s ) ,  s l o p e  a n g l e  ( 1 5 O ) ,  and   angular   ve loc i ty  
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(45 rpm) o f  t h e  p a y l o a d  c e n t r i f u g e ;  t h e  1 . 3 g - 2 . 4 g  g r a v i t y  f i e l d  
approximates  the 0.35g-1.6Og g r a d i e n t  of t he   pay load   cen t r i fuge .  
C e n t r i f u g a l l y - a c t u a t e d  s t a r t i n g  g a t e s  are provided a t  both ends 
of e a c h  t r a c k  t o  p e r m i t  s u b j e c t s  t o  b e  g i v e n  b o t h  h i g h - g  a n d  
low-g s tar ts  so  as t o  p r e p a r e  them f o r  e i t h e r  t a s k  i n  t h e  a c t u a l  
Aerobee f l i g h t .  P o s i t i o n  d e t e c t i o n  was a c h i e v e d  i n i t i a l l y  by v i s u a l  
observat ion and la ter  by a pho toe lec t r i c  sys t em deve loped  by Wallops 
eng inee r s   fo r   u se   i n   t he   pay load .   Th i s   sys t em  cons i s t s   o f   an   e l ec t ro -  
luminescent  tape- l ight  on one wal l  of t h e  s p i r a l ,  and a s e r i e s  o f  
photoconductors on t h e  o p p o s i t e  wal l .  A c t i v a t i o n  b y  t h e  r a t  causes  
a pen de f l ec t ion  on  ail e v e n t  r e c o r d e r  c o r r e s p o n d i n g  t o  t h e  p a r t i -  
c u l a r  g r a v i t y  r e g i o n .  
Procedures.  
Tra in ing  schedule .  Tra in ing  sess ions  were conducted during a 
three-month per iod,  beginning with 31 subjects  and gradual ly  reducing 
t o  8 s u b j e c t s .  A l l  s u 3 j e c t s  were mature,  male Sprague Dawley r a t s  
maintained on food deprivat ion a t  80% (300  grams)  of  normal  body 
weight.  The schedule   o f   t ra in ing   proceeded  as fo l lows :  
1. Twenty-two  days  of   preference  t ra ining  within  a .30-day 
p e r i o d  u s i n g  t h e  s p i r a l  c e n t r i f u g e  a t  the   Univers i ty   o f   Kentucky.  
2 .  Fi f t een   days   o f   p re fe rence   t r a in ing   du r ing   t he   nex t  22 days 
wh i l e  sp in ,  v ib ra t ion ,  acce le ra t ion ,  and  no i se  exposures  were g radua l ly  
added. 
74 
r 
3 .  Two days of preference   t ra in ing   wi thout   l aunch   s imula t ion  
dur ing  the  next  week while equipment was t r ans fe r r ed  to  Wal lops  
I s l a n d ,  V i r g i n i a .  
4 .  Transpor t   o f   subjec ts   to   Wal lops   I s land  by p r i v a t e  a i r -  
p l ane  fo r  12  days  o f  add i t iona l  p re fe rence  t r a in ing  du r ing  the  
nex t  33 days .   Ful l   l aunch   s imula t ion  was employed,  including 
confinement which began with one-hour sessions and was g r a d u a l l y  
increased   to   four -hour   sess ions .  The p h o t o e l e c t r i c   s p i r a l   c e n t r i -  
fuge was f i r s t  used  here .  
-~ Seguence of a s i n g l e  t r a i n i n g  s e s s i o n .  When the complete  
s i m u l a t i o n  r o u t i n e  was e s t a b l i s h e d ,  a l l  subjec ts  were  tes ted  once  
each  tes t  day  and the following sequence was maintained in  each 
tes t  on two ra ts :  
1. Four  hours of confinement   in   the  capsule   assembly  with 
e x t e r i o r  f a n  c o o l i n g ;  s u b j e c t s w e r e  a l t e r n a t e l y  c o n f i n e d  i n  t h e  up- 
r i g h t  and t h e  i n v e r t e d  c a p s u l e .  
2 .  Attachment   o f   the   capsule   assembly   to   the   acce le ra t ion   cen t r i -  
fuge where subjects  received exposure to  a one-minute  s imulat ion 
of t he  comple t e  boos t  and  sus t a ine r  acce le ra t ion  p ro f i l e .  
3.  Attachment   of   the   capsule   assembly  to   the  spin-noise-vib-  
r a t i o n  f a c i l i t y  f o r  a one-minute,  simultaneous exposure to 10 cps 
of  mechanical  vibrat ion,  106 db  of taped  rocket  no ise ,  and  a s p i n  
p ro f i l e  r each ing  120  rpm. 
4 .  Removal  of subjec ts   f rom  the   capsule   and   p lacement   in  the 
c 
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s p i r a l  c e n t r i f u g e  f o r  p e r f o r m a n c e  of a 20-minute  gravi ty  prefer- 
ence tes t .  Sub jec t s  were a l t e rna te ly  s t a r t ed  f rom the  h igh -g  and  low-g 
ends  o f  t he  t r ack .  
Behav io r  du r ing  the  t r a in ing  rou t ine .  
Visua l   observa t ion   dur ing   launch   s imula t ion .  The confinement 
r o u t i n e  i n i t i a l l y  p r o d u c e d  a pronounced  de ter iora t ion  of t h e  
phys ica l   appearance   in  a l l  s u b j e c t s .   A f t e r   f o u r   h o u r s   i n   t h e   c a p -  
su l e ,  sub jec t s  were  l i s t less  and  had exc re t ed  a l a r g e  amount  of 
u r i n e  and f e c e s ,  i n d i c a t i v e  of t h e  s t r e s s f u l n e s s  o f  t h e  e n v i r o n -  
ment. It i s  notewor thy   tha t   hese  symptoms gradual ly   d i sappeared  
wi th  cont inued  t ra in ing;  toward  the  end  of  the  t ra in ing  schedule ,  
n e a r l y  a l l  s u b j e c t s  w e r e  r e l a t i v e l y  d r y ,  a c t i v e ,  a n d  much improved 
in  genera l  appearance  when i n s p e c t e d  a f t e r  f o u r  h o u r s  of  confine-  
men t . 
The acce le ra t ion  p ro f i l e  p roduced  no v i s i b l e  d e t r i m e n t a l  
e f f ec t s ,  i n  ag reemen t  w i t h  t he  f ind ings  of t he  p re l imina ry  s tudy  
on  to l e rance  to  sp in  and  acce le ra t ion .  
S imul t aneous  sp in ,  no i se ,  and  v ib ra t ion  in i t i a l ly  caused  sub-  
j e c t s  t o  e x c r e t e  a n d  u r i n a t e  h e a v i l y  and t o  s t r u g g l e  v i g o r o u s l y  to 
escape  confinement;   in   general ,   th is   appeared t o  be the  most s t r e s s i n g  
of the  simulated  environments,  though i t  too seemed t o  a d a p t  r e a d i l y  
and  few s i g n s  of s t ruggl ing or  exci tement  were recognized toward 
the end of t he  t r a in ing  schedu le .  
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" Pre fe rence  " . ." performance  of  the  group.  Only 20 of   the  31 
rats  t r a ined  in  Lex ing ton  were taken  to  Wal lops  I s land  for  
con t inued   t r a in ing .   F igu res  38 and 39 summarize  the  gravi ty  
preference  behavior  of  these  20 s u b j e c t s  u p  u n t i l  t h e  t i m e  
t h e  f i n a l  8 w e r e  s e l e c t e d ;  p o i n t s  p l o t t e d  r e p r e s e n t  o n l y  
those  tests i n  which a l l  s u b j e c t s  were r e l e a s e d  a t  the  h igh-g  
end  of   the  t rack.  The fo l lowing   po in ts  are noteworthy: 
1. Throughout   the  three  months  of   t ra ining,   the  number 
of  "good" subjec ts  ( those  which  ran  immedia te ly  to  the i r  p r e -  
f e r r e d  g r a v i t y )  i n c r e a s e d  s t e a d i l y  w h i l e  t h e  number of "poor" 
s u b j e c t s  ( r e q u i r i n g  5 minu tes  o r  more )  dec reased  un t i l  j u s t  
p r i o r  t o  t h e  W a l l o p s  t r a n s f e r  when 1 7  of t h e  20 were reaching 
low g r a v i t y  w i t h i n  30 seconds and none required 5 minutes.  
2 .  Preference  performance,  when f i r s t  t e s t e d  a t  Wallops 
I s l a n d ,   h a d   s h a r p l y   d e t e r i o r a t e d .  It i s  s p e c u l a t e d   t h a t   t h i s  
was due to one or more of  the  fo l lowing  fac tors :  
a. 
b .  
C .  
d. 
e .  
The fou r -hour  a i rp l ane  f l i gh t  t o  Wal lops .  
The  change in  c i r cad ian  rhy thms  invo lved  in  the  
g e o g r a p h i c a l  s h i f t .  
The absence of launch simulation during the 
equipment   ransfer .  
The u s e  of  t he   sp i r a l   cen t r i fuge , equ ipped   fo r  
t h e   f i r s t   t i m e   w i t h   t h e   e l e c t r o l u m i n e s c e n t  
t a p e - l i g h t  . 
The addi t ion of  confinement  to  the environmental  
s i m u l a t i o n  r o u t i n e .  
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Figure  38. Number of  Good and  Poor  Pergormers out of 20 Rats  
Routinely Prepared for Aerobee Launch, Compared with Standard 
Deviat ion,  0 ,  of  Pos i t ion  in  the  Gravi ty  F ie ld  a t  5 Minutes 
Into Test. 
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Figure 39.  Improvement  of Grav i ty   P re fe rence  
Behavior of 20 Rats  during Repeated Test ing 
a f t e r  an I n i t i a l  Performance  Decline  upon 
Transfer  from  Lexington,  Kentucky t o  Wallops 
I s l a n d ,  V i r g i n i a .  
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3.  Continued  t ra ining  improved  preference  performance  of  
the  group,  reducing  the  number of poor performers to two, and 
reducing  group var iab i l i ty  ( s tandard  devia t ion ,  o, of  pos i t i on  
a t  5 minu tes  in to  the  p re fe rence  t e s t ) .  
4 .  A s p e c i a l  t e s t  was conducted in  which rotat ion was with- 
h e l d  f r o m  t h e  p r e f e r e n c e  c e n t r i f u g e  t o  e s t a b l i s h  t h a t  t h e  p re -  
ference being demonstrated was s t i l l  f o r  g r a v i t y  and not  for  
p o s i t i o n  i n  t h e  runway; no launch simulation occurred on that 
day.   Posi t ion was completely random ( s e e   f i g u r e  42 i n  t h e  
fo l lowing  sec t ion ) ,  ve r i fy ing  tha t  g rav i ty  con t inued  to  be  
the  predominant s t i n l l u s  i n   t h e   p r e f e r e n c e   c e n t r i f u g e .  It 
is  noteworthy that  preference performance was n o t i c e a b l y  
d e t e r i o r a t e d  i n  a few animals on t h e  d a y  f o l l o w i n g  t h i s  t e s t ,  
b u t  r e t u r n e d  t o  a n  a c c e p t a b l e  l e v e l  i n  s u c c e e d i n g  t e s t s .  
Preference performance of one of  the  "bes t"  subjec ts .  
Two subjects  were chosen as f i r s t  c a n d i d a t e s  f o r  f l i g h t  
on  the  bas i s  of t h e i r  c o n s i s t e n t l y  good performance;  the 
behavior  of  one  of  these  subjects  (Subject 3A) i s  summarized 
i n  f igures   40,41  and  42.   Figure 40  shows t h e   h i s t o r y   o f  
response time, f i g u r e  4 1  a t y p i c a l   r e s p o n s e   p a t t e r n ,  and f i g u r e  42 
t h e  random l o c a t i o n   p r e f e r e n c e   i n   t h e   n o n r o t a t i n g   s p i r a l .  The 
same random behavior was demcns t ra ted  dur ing  labora tory  fami l ia r -  
i z a t i o n  w i t h  t h e  a c t u a l  Aerobee  runway. 
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F l i g h t  V e r i f i c a t i o n  o f  t h e  E f f e c t i v e n e s s  o f  t h e  T r a i n i n g  
Program. 
S u b j e c t s  3A and I E  were launched  in to  a s u b o r b i t a l  g r a v i t y  
Preference experiment  f rom Wallops Is land on December 5, 1967, 
o n  t h e  f i r s t  o f  f o u r  s u c h  f l i g h t s  p l a n n e d ;  f i g u r e  43 shows t h e  
Aerobee   wi th   payload ,   in - f l igh t .  The r e s u l t s  o f  t h i s  f l i g h t  
a n d  t h e i r  i n t e r p r e t a t i o n  a r e  beyond the scope of  this  paper;  
however ,  t he  gene ra l  ab i l i t y  o f  t he  sub jec t s  t o  pe r fo rm in  f l i gh t  
is r e l e v a n t  t o  t h i s  t r e a t m e n t .  
Regre t ab ly ,  t he  sp in  r a t e  o f  t he  pay load  a f t e r  runway  deploy- 
ment was c o n s i d e r a b l y  h i g h e r  t h a n  a n t i c i p a t e d ,  r e s u l t i n g  i n  a 
grav i ty   f ie ld   f rom  0 .85g   to   near ly   4g .  However, b o t h  r a t s  
d i d  move f r o m  t h e  s t a r t i n g  g e t e s  and  locomote  smoothly i n  t h e  
d i r e c t i o n   o f   t h e   c e n t e r  of t h e   t r a c k .   T h i s  i s  p a r t i c u l a r l y  
no tewor thy  fo r  t he  sub jec t  r e l eased  a t  n e a r l y  4g s i n c e  h e  
had not  previously experienced such a high magnitude of  acceler-  
a t i o n  i n  a c e n t r i f u g e  i n  which he was f r ee  to  locomote .  
To t h e  e x t e n t  t h a t  t h i s  was t h e  f i r s t  a t t e m p t  t o  t r a i n  ra ts  
fo r  an  in - f l i gh t  expe r imen t  o f  t h i s  na tu re ,  and  tha t  t he  sub jec t s  
were  ab le  to  and  d id  locomote  wi th in  an  in - space  g rav i ty  f i e ld  
a f t e r  r o c k e t  f l i g h t ,  i t  may be  cons ide red  tha t  t he  e s t ab l i shed  
t r a i n i n g  p r o c e d u r e s  w e r e  g e n e r a l l y  e f f e c t i v e .  
J- 
J; The second Gravi ty  Preference Payload was launched on June 24, 
1968. The  design r o l l  r a t e  was prec ise ly  achieved  through use  
of a gas   de-spin  system.  Animal   t ra ining  procedures   were some- 
what  revised and both subjects  were a b l e  t o  l o c o m o t e  e f f e c t i v e l y .  
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Figure 40. His tory  of Running Time t o  Low Gravi ty  of Subject  
3 A  during a Program of Routine Exposure to Simulated Aerobee 
Launch Environments. 
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Figure 41. Typical  Gravity  Preference  Behavior 
of Subject 3A during  Gravity  Preference  Testing 
a t  Wallops  Island,  Virginia. 
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Figure 42. Centrifuge  Location,  Versus 
Time,  o f  Subject  3A during a 5 Minute 
T e s t  i n  a Non-Rotating Spi ra l  Cent r i fuge  
a t  Wallops  Island,  Virginia. 
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Figure 43 . Gravity Preference Payload 
Carrying Two Trained Racs Launched by 
Aerobee l50A Rocke t from Wallops Island, 
Virginia on December 5, 1967. 
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Conclusions and Reconmendations 
On t h e  b a s i s  o f  t h e s e  s t u d i e s  i n t o  t h e  a b i l i t y  o f  rats 
t o  t o l e r a t e  s i m u l a t i o n s  o f  a rocket launch environment,  the 
following conclusions and recommendations are forwarded: 
1. Male, Sprague Dawley ra t s ,  t r a i n e d  t o  demonst ra te   g rav i ty  
p re fe rence ,  are capable  of  emerging  wi thout  de t r imenta l  e f fec ts  
on preference behavior from a rout ine program of confinement, 
sp in ,  acce le ra t ion ,  no ise ,  and  v ibra t ion  envi ronments  which  
s i m u l a t e ,  i n  p a r t ,  t h e  powered f l i g h t  of  an  Aerobee 150A r o c k e t ;  
p r o s p e c t s  a r e  good t h a t  t h e y  w i l l  b e  s u i t a b l e  f o r  o r b i t a l  
experimentslaunched by r o c k e t s  whose f l igh t  envi ronments  are 
similar to  those  of  the  Aerobee. 
2.  A t r a in ing   g roup  of 30 s u b j e c t s  i s  more than  adequate   to  
produce two good c a n d i d a t e s  f o r  r o c k e t  f l i g h t  i n t o  a s u b o r b i t a l  
g rav i ty  preference  exper iment .  
3 .  Simul taneous   sp in ,   no ise ,  and v i b r a t i o n ,   a s   p r e s e n t e d   i n  
th i s  i nves t iga t ion ,  appea r s  t o  be  the  most s t ress ing  envi ronment ;  
i t  i s  h i g h l y  d e s i r a b l e  t o  know t h e  c h a r a c t e r i s t i c s  of the payload 
v i b r a t i o n  i n  more d e t a i l   t o   p e r m i t  more p r e c i s e   s i m u l a t i o n .  Con- 
f inemen t  fo r  fou r  hour s  appea r s  t o  be  nea r ly  a s  s t r e s s ing  as s i m -  
u l t aneous   sp in ,   no i se ,   and   v ib ra t ion .  Rats appear   to   be   ab le   to  
adap t   t o  a l l  s imula ted   envi ronments   wi th   repea ted   t ra in ing .  The 
acce le ra t ion  p ro f i l e  u t i l i zed  does  no t  appea r  t o  p roduce  as much 
s t r e s s ,  t hough  i t  i s  recommended t h a t  i t  be  included  as   par t   of  
t h e  t o t a l  s imula t ion  program in  order  to  avoid  presenta t ion  of  a 
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novel  ' envi ronment  dur ing  f l igh t .  
4 .  The cause of t h e   s i g n i f i c a n t   d e t e r i o r a t i o n   i n   g r o u p  
performance observed af ter  the t ransfer  f rom the base laboratory 
to  the  l aunch ing  s t a t ion  shou ld  be  more tho rough ly  inves t iga t ed ;  
adequate  t ime should be al lowed for  recovery from such a per-  
f o r m a n c e  d e c l i n e  p r i o r  t o  f l i g h t .  
5 .  More sophis t ica ted   behaviora l   t echniques ,   such   as   oper -  
a n t  c o n d i t i o n i n g ,  s h o u l d  b e  c o n s i d e r e d  i n  p r e p a r a t i o n  f o r  o r b i t a l  
f l i g h t .  
6.  Physiological   techniques  hould  be  introduced  to  
complement b e h a v i o r a l  e v a l u a t i o n  o f  t h e  e f f e c t s  o f  t h e  v a r i o u s  
l aunch  env i ronmen t s  on  the  "ove r -a l l "  s t a t e  o f  t he  r a t .  
7 .  Whenever possible ,   s imulat ions  of   the   launch  environment  
should be made s imultaneously;  i t  wou ld  be  e spec ia l ly  des i r ab le  to  
present  envi ronments to  the  subjec t  whi le  conf ined  in  the  grav i ty  
f i e l d  c e n t r i f u g e .  
8. The  smooth  locomotion of t h e   t r a i n e d  ra ts  dur ing   the  two 
suborb i t a l  g rav i ty  p re fe rence  expe r imen t s  sugges t s  t ha t  t he  t r a in ing  
program conducted i s  an adequate base from which to develop refined 
t e c h n i q u e s  i n  p r e p a r a t i o n  f o r  o r b i t a l  i n v e s t i g a t i o n s .  
86 
BIBLIOGRAPHY 
1. Adey, W. R. ,  e t  a l . ,  "EEG i n  Simulated  Stresses   of   Space  Fl ight  
wi th  Spec ia l  Reference  to  Problems of  Vibra t ions" ,  E lec t ro-  
nenceph.  Clin'.  Neurophysiol., v 15, 1963. 
2. Antipov, V. V., e t  a l ,  "Some Resul ts   of   Medical   and  Biological  
I n v e s t i g a t i o n s  i n  t h e  Second and Third Satell i tes",  Problems 
" of Space Biology - Vol. 1, NASA TT-F-174, 1962. 
3.  Ashe, William F.,  e t  a l . ,  "Some Responses  of  Rats  to Whole 
Body Mechanical Vibration",  Archives of Environmental  Health,  
V 2, Apri l ,   1961.  
4 .  Balakhovskiy, I. S . ,  e t  a l . ,  "Resul ts   of   Experiments   Carr ied 
Out in  Sa te l l i t es" ,  Problems of  Space  Bio logy  - Vol. 1, 
NASA TT-F-174,  1962. 
5. B e l l e v i l l e ,  R. E .  , Clark,  F. C .  , and  Lange, K. O . ,  "Uber das 
Verha l t en  k l e ine r  Tiere unter raumfahrtbedingen Beschoe- 
unigungen",  =Fan Rocket Society Tagungsbericht No. 36, 
1964. 
6. Bender, M.  A.  , Gooch, P.  C .  , and Kondo, S . , "The Gemini-3 S-4 
Spacef l igh t -Radia t ion  In te rac t ion  Exper iment" ,  Radia t ion  
Research, v 31,  1967. 
7 .  Berry,   Charles  A. and  Cat terson,   Allen D . ,  "Pre-Gemini  Medical 
Predict ions Versus Gemini  Fl ight  Resul ts" ,  Gemini Summary 
Conference, NASA SP 138,  February,  1967. 
8. B l i v a i s s ,  Ben B . ,  Magid, Edward B . ,  and  Litta-Modignani,  Renato, 
"Effec ts  of  Whole-Body Vibrations on Plasma and Urinary Cortico- 
s t e r o i d  L e v e l s  i n  Man", AMRL-TDR-64-53, June,  1964. 
9. B l i v a i s s ,  Ben B . ,  and  Litta-Modignani,  Renato,  "Endocrine  and 
Metabolic Response of Dogs t o  whole-Body  Vibration'!, AMRL-TDR- 
64-54,  June,  1964. 
10. Broderson, A .  B . ,  and  Lange, K. O . ,  "The Behavior  of  Small  Animals 
i n  F i e l d s  of  Simuiated Gravi ty" ,  Preprints ,  Annual  Scient i f ic  
Meeting,  AerospaceMedical  Association,  Washington, D. C . ,  1967. 
87 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
Broderson, A.B. ,  "Cent r i fuge  for  Measur ing  Gravi ty  Preference  
i n  Mice", Paper  presented  a t  the  Annual  S tudent  Conference  of 
t h e  American I n s t i t u t e  o f  A e r o n a u t i c s  a n d  A s t r o n a u t i c s ,  A t l a n t a ,  
Georgia,  1963. 
Broderson, A.B. ,  "Cor io1 . i~  Acce le ra t ion  i n  the  Ro ta t ing  Env i ron -  
ment: Unders tanding   the   Cor io l i s  Phenomenon", Subml t t ed   fo r  
p u b l i c a t i o n .  
Broderson, A . B . ,  "TheMeasurement  of  Gravity  Preference i n  
Small  Animals", Masters Thesis,   University  of  Kentucky,  1964. 
Busby,  Douglas, E .  , Clinical  Space Medicine,  NASA CR-856, 
July,   1967. 
Carter, Ear l  T. , e t  a l .  , "Some Responses of R a t s  t o  Whole 
Body Mechanical Vibration - P a r t  II", Archives  of Environ- 
mental   Heal th ,  V 2,   April ,   1961. 
Cat te rson ,  A.D.  , e t  a l .  , "Aeromedical Observations",iqercury 
P r o j e c t  Summary Inc luding  Resul t s  of  the  Four th  Manned O r b i t a l  
F l i g h t ,  NASA SP-45, May, 1963. 
Cramer, Robert L . ,  e t  a l . ,  "The Changing  Parameters of  t h e  
Habi tuat ing  Vest ibular   System",  USAF Sch.  Aerosp. Med. SAM- 
TR-67-85,  1967. 
Crampton,  George H. , "Direct ional  Imbalance of V e s t i b u l a r  
Nystagmus i n  Cat Following Repeated Unidi.rectiona1 Angular 
Acceleration",   Acta  Oto-Laryng, V55, 1962. 
Crampton,  George H. and Brown, James H . ,  "Repea ted  Vertical 
Semi-circular  Canal  St i rnulat ion D02s Not Hab i tua t e  Hor i zon ta l  
Nystagmus i n  Cat", Acta Oto-Laryng, V 58,  1964. 
Dodge, Raymond, "Hab i tua t ion  to  Ro ta t ion" ,  Jou rna l  o f  Exper i -  
mental  Psychology, V6, February,  1923. 
Dowd, P a t r i c k  J . ,  " Induct ion  o f  Res i s t ance   t o   Mot ion   S i ck -  
ness Through -Repeated Exposure to Coriolis Stimulation",  
USAF Sch.  Aerosp. Pled.  SAM-TR-64-87, December,  1964. 
Ea r ly ,  La r ry  J . ,  Development of a Small  Animal  Payload  and 
I n t e g r a t i o n   w i t h  a Soundins  Rocket, NASA Sp-109,  1966. 
Edwards,  Richard G.  and  Lange, K.O., A Mechanical  Impedance 
I n v e s t i g a t i o n  o f  Human Response t o  V i b r a t i o n ,  ANN,-TR-64-91, 
October,  1964. 
88 
24. Gazenko, 0. G. and  Gyudzhian, A .  A . ,  P h y s i o l o g i c a l   E f f e c t s  of 
G r a v i t a t i o n ,  NASA-TT-F-376, August,  1965. 
25.  Geber,  William  F.,  Anderson, Thomas A . ,  and Van Dyke, Bruce, 
"Physiologic Responses o f  Albino Rat to  Chronic  Noise  
Stress",  Archives  of  Environment  Health, V 12,  June,  1966. 
26. Genera l e s ,   Cons tan t i ce  D. J. ,  Weigh t l e s sness :  Its Phys ica l ,  
Bio logica l ,  and  Medica l  Aspec ts" ,  in  Medica l  and  Bio lonica l  
Problems of Space Fl iPht ,  Edi ted by Geoffrey €1. Bourne, 
Academic Press,   1963. 
27.  Gerathewohl,   Siegfried J . ,  P r i n c i p l e s  of B ioas t ronau t i c s ,  
Pren t ice   Hal l ,   1963.  
28. Gill ingham,  Kent K . ,  "A Primer of Ves t ibu la r   Func t ion ,  
Spa t ia l  Disor ien ta t ion ,  and  Mot ion  Sickness" ,  USAF Sch. 
Aerosp. Med: Aeromedical'  Review  4-66,  June,  1966. 
29.  Goldman,  David E .  and Von Gierke,  Henning E . ,  "The E f f e c t s  
of Shock  and V i b r a t i o n  on Man", Lecture and Review S e r i e s ,  
No. 60-3,  Naval  Research  Institute,  Bethesda,  Maryland, 
January 8, 1960. 
30. Goldstein,   Herbert ,   Classical   Mechanics ,   Addison-Wesley,   1965.  
31.  Graveline,  Duane E . ,  "Maintenance of Cardiovascular  Adapt- 
ab i l i ty  Dur ing  Pro longed  Weight lessness" ,  in  Medica l  and  
Biological Problems of Space Flight,  Edited by Geoffrey H.  
Bourne,  Academic Press, 1963. 
32. G r a y b i e l ,   A s h t o n ,   e t   a l . ,  "The E f f e c t s  of Exposure t o  a 
Rotating Environment (10 rpm) on Four Aviators f O K  a Per iod  
of 12  Days",  The Role of  the Vest ibular  Organs in  the Explor-  
r a t i o n  of Space, NASA SP-77,  January,  1965. 
33.  Greening,  Charles P . ,  "Cor io l i s   E f fec t s  on Operator  Movement 
in  Rotat ing Vehicles" ,  Aerospace Medicine,  V 33, May, 1962. 
34.  Greenwood,  Donald F. , P r i n c i p l e s  of Dy;lam=, P r e n t i c e  Hall, 
1965. 
35.  Guedry,  Fred E . ,  "Comparison of V e s t i b u l a r   E f f e c t s  i n  Seve ra l  
Rotating Environments",  The Role of t he  Ves t ibu la r  Organs  in  the  
Exp lo ra t ion  of Space,  NASA SP-77,  January,  1965. 
36. Guedry,  Frederick E .  and Cracker, Jeremy,  "Vestibular Systen?", 
B ioas t ronau t i c s   Da ta  Book, Sec t ion  19, NASA SP-3006,  1964. 
37. Guedry,  Fred E.  and  Montague, E .K . ,  "Quan t i t a t ive  Eva lua t ion  
of the  Ves t ibu lar  Cor io l i s  Reac t ion" ,  Aerospace  Medic ine ,  
V 32, June,  1961. 
38. 
39.  
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
Gyurdgzian, A . A . ,  e t  a l . ,   "Biochemica l   Inves t iga t ions  of t h e  
Blood  and Urine of Animals t h a t  F l e w  i n  S a t e l l i t e s " ,  P r o b l e m s  
i n  Space  Biology - Vol. 1, NASA TT-F-174, 1962. 
Harrs ,  E.A.  and Newsom, B.D. ,  "A Manned Revolving  Space 
Stat ion Simulator" ,  Proceedings,  Annual  Technical  Meet ing,  
Inst i tute   of   Environmental   Sciences,   Chicago,   1965.  
Hartog,   J .P.  Den, Mechanics,  Dover  Publications,  1961. 
Henry,  James  P.,  Biomedical  Aspects  of  Space  Fli-ght,  Holt- 
Rhinehart  , 1966. 
- 
Henry,  J .P. ,  e t  a l . ,  "Animal S tud ie s  of t h e   S u b g r a v i t y   S t a t e  
During Rocket  Fl ight" ,  Journal  of Aviation Medicine,  October,  
1952. 
Herr ick,  Robert  M. , "Accuracy of Lever-Displacement Behavior 
of Rats Fol lowing Exposure to  Accelerat ions" ,  Journal  of 
Aerospace  Medicine,  September,  1961. 
Jacobson,  Ira D . ,  e t  a l . ,  F e a s i b i l i t y  and  Preliminary  Design 
Study of a Small Animal Gravity Preference Payload, NASA 
Wallops  Stat ion,   Wallops  Is land,   Virginia ,   July,   1966.  
-~ "_l_ " - -_- 
Jacobson ,  I r a  D . ,  "Noise  Level   Determinat ion  for   In-Fl ight  
Gravi ty   Preference   Pro jec t   Payload  (IFGPP)",  Wallops S t a t i o n  
MemoranduE, NASA Wallops  Stat ion,   Wallops  Is land,   Virginia ,  
June  7,  1967. 
Jenkins ,  Dale  14. , "Environmental   Biology",   Significant 
Achievements i n  Space  Bioscience,  . . ~  1958-1964, NASA SP-92,1966. 
Kas'yan, I . I . ,  Yaganov, Ye M., and  L'vova  T.S.,  "Changes i n  
Certain Morphological and Biochemical Indices of t he  Pe r iph -  
eral  Blood  of  Animals a f t e r  Rocket Flights",  Problems of 
Space  Biology-  Vol. 1, NASA TT-F-174,  1962. 
Lamb, Lawrence E .  , "Inf luence  of  Lower Body Negat ive Pressure 
on the Level  o f  Hydration  During Bed Rest", USAF Sch.  Aerosp. 
Med. TR 65-282,  December,  1965. 
90 
49. Lange, K.O.  and  Broderson, A . B . ,  "Animal. Behavior i n   F i e l d s  
of   Simulated  Gravi ty" ,   Proceedings,   Annual   Scient i f ic  Meet- 
i n g ,  I n s t i t u t e  o f  Environmental  Sciences,  Chicago,  1965. 
50. Lange, K . O . ,  Broderson, A.B . ,  Mart in ,  R .C . ,  and  Ri.chardson, 
W.K., "Chronic  Centr i fugat ion of  Small Animals", Paper pre- 
s e n t e d  a t  t h e  American Physiological Society Meeting, Los 
Angeles,  1965. 
51. Lansberg,  M.P.,  "The Function  of  the  Vestibular  Sense  Organ 
and  the  Cons t ruc t ion  of  a S a t e l l i t e " ,  Aeromedica Acta, V 4 ,  
1955. 
52.  Levin, G. and  Saunders,   J .F. ,   "Environmental   Biology",   Sig- 
nificant  Achievements  in  Space  Science,   1966, NASA SP-155, 
1967. 
53.  Luk'yanova, L.D. ,  "Observat ions  on  the  Condi t ioned  Reflex.  
A c t i v i t y  of  White Rats Some Considerable  T ime  a f t e r  T r a v e l -  
l ing  on  the  Second  Soviet   Sate . l . l i te" ,   Problems  in   Space 
Biology-Vol. 1, NASA TT-F-174, 1 9 6 2 .  
54.   Martin,  R . C . ,  Richardson, W . K . ,  and  Martin, W.L . ,  "Simulted 
Gravi ty :  The Aversive Stimulus in an Escape and Punishment 
S i tua t ion" ,  Jou rna l  o f  Engineering  Psychology, V 5, N 1, 
1966. 
55.   McCally,   Michael   and  Shropshire ,   Spenser ,   "Selat ive  Effect-  
iveness  of  Se lec ted  Space Fl ight  Decondi t ioning Counter-  
measures" ,   Preprints ,   Annual   Scient i f ic   Meet ing,   Aerospace 
Medical  Association,  Washington D . C . ,  A p r i l ,  1 9 6 7 .  
56. McCoy, D.F. and  Lange, K . O . ,  "S t imulus   Genera l iza t ion  o f  
Gravi ty" ,   Submit ted  for   publ icat ion.  
57. McCuskey, S.W., I n t r o d u c t i o n   t o  Advanced  Dynamics,  Addison- 
Wesley Publ i sh ing  Co. , 1962 .  
58.  McKinney, Ramon, Nontgomery, P h i l l i p  O ' B ,  and Gel l ,  Charles  
F . ,  "A Study  of  the  Effects  of  Zero  Gravity  on  Cell   Physi-  
ology", i n   P h l s i c a l  _ _ _ " ~  and  Biological  Phenomena i n  a Weight less  
S t a t e .  Second LIAS SvmD. Phvs "Bioi. Phenomena  Under Zero 
"_ 
J L  
Gravi ty  Condit ions,  E.T. Benedift  and R.W. H a l l i b u r t o n ,  
E d i t o r s ,  Adv. As t ronaut .  S c i . ,  V 14,  1963. 
59.  Megel,   Herbert ,   Keating,  Frederick > I . ,  and  Stern,   Joseph A .  , 
"Effec t  of  Eleva ted  Ambient Temperature on the Restrained Rat", 
Journal_.p_f_tlerospace  >iedicine,  December,  1961. 
9 1  
60. Miller, Per ry  B . ,  "Medical  Problems  of  Weightlessness", USAF 
Sch.  Aerosp.  Ned. SMI- TR-66-2C0, October,  1965. 
61. Miles, George PI. , Personal  Correspondence. 
62. Miles, George. M . ,  "Repor t   on   Bio logica l   Tes t ing   in   Suppor t  of 
the Bio-Space Technology Training Program", NASA Wallops 
- S t a t i o n   I n t e r - O f f i c e   R e p o r t ,   W a l l o p s   I s l a n d ,   V i r g i n i a ,   F a l l ,  
1965. 
63. Money, Kenneth E . ,  "Vest ibular   Problems  in   Rotat ing  Space-  
Craf t" ,  The Role  of  the  Ves t ibu lar  Organs  in  the  Explora t ion  
of Svace. NASA SP-77.  Januarv.  1965. 
" - 
64.  Mosely,  John D. and  Henry,  James P .  , "Summary of   the   Resul t s  
of  the  MR-2 F l i g h t " ,  R e s u l t s  o f  t he  P ro jec t  Nercu ry  Ba l l i . s t i c  
and  Orb i t a l  Chinwanzee F l i g h t s .  NASA SF-39.  1963. 
65.  Mosely,  John D. and  Henry,  James, "Summary o f  t h e   R e s u l t s  of 
t h e  FIR-5 F l i g h t ,  " R e s u l t s  o f  the  Pro jec t  Mercury  !a-ll_listic, 
and C r b i t a l  Chimpanzee F l i g h t s ,  NASA SP-39,  i9G3. 
66. Nagy, James A.  and  Coble, Gomer L. Jr .  , Fl ight   Vibra t ion   Data  
of  the  Aerobee 150A Sounding  Rocket, NASA Goddard  Space 
Fl ight   Center ,   1964.  
67. Newsom, B.D.  e t  a l . ,  "Adaptat ion  to   Prolonged  Exposures   in  
the Revolving Space Station Simulator",  Aerospace Nedicine,  
V 37 ,  N 8 ,  August,  1966. 
68. Newsom, B . D .  and  Bradey,  James F . ,  "Observat ions  on  Subjects  
Exposed to  Pro longed  Rota t ion  in  a Space  S ta t ion  S imula tor" ,  
The  Role o f  t he  Ves t ibu la r  Organs  in  the  Exp io ra t ion  o f  Space, 
NASA SP-77,  January,  1965. 
69.  Nungesser, William C . ,  "Fac tor   Inf luenc ing   the   Renal   Regula-  
t ion  of  Calc ium - Impl ica t ions  of  Pro longed  Weight lessness" ,  
USAF Sch.  Aerosp. Med. Aeromedical  Review  2-65, May, 1965. 
70. O'Laughlin,  T.W. , Brady,  J .F.  , and Newsom, B . D . ,  "Reach E f f e c t -  
i v e n e s s  i n  a Rota t ing   Envi ronment" ,   Prepr in ts ,   Annual   Sc ien t i f ic  
Meeting,  Aerospace  Nedical  Association,  Washington D . C . ,  A p r i l ,  
1967. 
7 1 .  Performance Summary for  the  Aerobee 150A Sounding  Rocket 
Vehicle  , Report No. AST/EIR-13319,  Vought As t ronau t i c s ,  
A p r i l  18, 1961.  
__I -" - 
92 
7 2 .  
7 3 .  
7 4 .  
7 5 .  
76. 
77. 
7 8 .  
79. 
80. 
81. 
82. 
83. 
P o l l a r d ,  E r n e s t  C . ,  "Theore t ica l  S tudies  on  Liv ing  Sys tems 
i n  t h e  Absence of Mechanical Stress",  Journal of Theoret-  
i c a l  Biology, V 8, 1965. 
Rohles ,  Freder ick  € I . ,  Grunzke, Marvin E .  , and Reynolds, 
Herber t  H . ,  "Chimpanzee  Performance  During  the Ba l l i s t i c  
and O r b i t a l  P r o j e c t  Mercury Flights",  Journal of Compara- 
t i ve  and  Physiological  Psychology, V 5 6 ,  N 1. 1963. 
Roman, James A . ,  Coermann, Rolf,   and  Ziegenrucker,  G e r d ,  
"Vibrat ion,   Buffet ing,   and  Impact   Research",   Journal  o f  
Aviation  Nedicine,   February,   1959. 
S lager ,  Ursu la  T. , Space  Fledicine,   Prentice Hall, 1962. 
Stapp,  J .P. ,   Analysis  and  Biodynamics o f  Se lec ted  Rocket- 
under  Contract  No. AF41(609)-2317  by  Northrop  Space  Lab- 
o r a t o r i e s ,  Hawthorne,   California,   July,   1964. 
- S l e d  Experiments,  USAF Sch.  Aerosp. Med. Report ,   Prepared 
Stone,  Ralph W . ,  Letko,  William,  and Hook, W.  Ray, "Exam- 
i n a t i o n  o f  a Poss ib le  F l igh t  Exper iment  to  Evalua te  an  On- 
boa rd   Cen t r i fuge   a s  a Theapeut ic  Device", Second Symposium 
on  the  Role  of  the  Ves t ibu lar  Organs  in  Space  Explora t ion ,  
NASA SP-115,  January,  1966. 
T y l e r ,  A l b e r t ,  "A Nodel I l l u s t r a t i n g  P o s s i b l e  I n s t a b i l i t y  o f  
Ce l lu l a r  S t ruc tu re  unde r  Cond i t ions  of  IJeight lessness" ,  
Jou rna l  o f  Theore t ica l   Bio logy ,  V 11, 1966. 
Vennard,  John K . ,  Elementary Fluid Nechanics-, John Wiley and 
Sons , 1961. 
Von Braun,  Wernher, "What Ever Happened t o  t h e  Planned Space 
Stat ion?",   Popular   Science,   February,   1965.  
Von Gierke,  Henning E . ,  "Biodynamic  Response o f  t h e  Human 
Body", Applied  Nechanics  Reviews,  Deceinber,  1964. 
Voris ,  Frank E . ,  "Medical  Aspects o f  Space Fl ight" ,  NASA 
EP-17,  1964. 
Webb, Paul ,  "Combined St resses" ,   Bioas t ronaut ics   Data  Book, 
NASA SP-3C)06, 1964. 
93 
84. Weissman, Norman W . ,  "Kesponse D i f f e r e n t i a t i o n   i n  Slow 
Ro ta t ion" ,  Pape r  p re sen ted  a t  t he  Th i rd  Symposium on the  
Role of the  Ves t ibu lar  Organs  in  Space  Explora t ion ,  
Pensacola,   Florida,   1967. 
85. Wendt, G . R . ,  "Ves t ibu lar   Funct ions" ,   in  Handbook of Exper i -  
mental  Psychologjr, E d i t e d  by S . S .  Stevens,   John  Wiley  and 
Sons , 1962. 
86.  White,   Will iam J . ,  "Space-Rased  Centrifuge", The Role of  t h e  
Vest ibular  Organs i n  t h e  E x p l o r a t i o n  of Space,  NASA SP-77, 
January,   1965. 
"
87. Wunder, Charles C . ,  L i f e  I n t o  Space, " F . A .  Davis Co., 1966. 
94 NASA-Langley, 1968 - 5 CR-1255 
